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Abstract 
 
Ageing is one of the leading health problems faced by society today. An understanding of 
the fundamental mechanisms of ageing has the potential to provide preventative therapies 
for multiple degenerative diseases. Drosophila melanogaster is a powerful model organism 
in which to study the ageing process because the rate of ageing in fly populations is easy to 
manipulate by either genetic or environmental means.  Drosophila are also inexpensive, 
short lived, easy to collect and can be raised in large numbers (allowing sex and age-
specific effects to be determined).  
Although a large body of data exists in mammals linking ageing and age-related 
degeneration to the accumulation of molecular cross-links such as advanced glycation end-
products (AGEs) prior to the work presented in this thesis only one paper had studied such 
cross links in Drosophila.  Accordingly I hypothesised: 
[1] That acid stable chemical species existed within Drosophila melanogaster (of which 
AGE-like entities represent a subset) 
[2] That such chemical species represented the stable products of damage to 
macromolecules within Drosophila melanogaster and as such had the potential to play 
either a causal or a correlative role in the ageing process within this organism. 
To pursue this line of investigation it was first necessary to develop novel analytical 
methods to investigate the accumulation of damaged compounds in flies. Simple 
preparative techniques were developed to produce digests of whole Drosophila 
melanogaster for use in three dimensional (3D) fluorimetry, 1H NMR spectrometry and 
mass spectrometry.   My initial data clearly indicated the presence of species which either 
increased or were lost with advancing population age.  If they played a role in ageing then 
interventions that altered the rate of this process would be expected to alter the rates of 
accumulation or disappearance of these species.  
Accordingly, environmental (DR and low temperature) and genetic interventions (mutated 
IIS activity) were used to alter the rates of ageing of multiple cohorts of Drosophila.  
Populations subject to interventions which slowed ageing rates also showed a reduced rate 
of accumulation of signals consistent with damage (putative advanced glycation end 
products) as compared to cohorts under normal conditions.
 1
H NMR spectrometry and 
mass spectrometry also revealed distinct age associated spectral changes.   
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My recognition that AGE-like molecules had the potential to activate Phase II 
detoxification mechanisms, together with the body of data on chemical changes within 
ageing flies that I generated using my novel techniques allowed the first critical test of the 
broad spectrum detoxification hypothesis of ageing (sometimes known as the “Green 
Theory” of ageing).   The results I obtained were entirely consistent with the predictions of 
this theory. 
In conclusion, my work represents the first application of a range of analytical techniques 
to identify and quantify compounds associated with, and possibly causing, different rates 
of ageing in Drosophila melanogaster. These techniques will facilitate the identification of 
novel compounds that either  increase or decrease during ageing in this organism and will 
improve our understanding of the ageing process in this key model system. 
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INTRODUCTION AND REVIEW OF LITERATURE 
 
The medical, economic and social implications that arise from supporting an ever growing 
„‟greying‟‟ population emphasises the need to understand and intervene in the deleterious 
changes associated with ageing. Many of the mortal diseases e.g. diabetes, cardiovascular 
disease, neurological disorders including Alzheimer‟s and Parkinson‟s disease, cancer and 
stroke are associated with ageing (Hegedus, 2000). Identification and understanding of the 
biological mechanisms of ageing could lead to therapies against ageing, and this would 
protect against age related diseases.   
 
1.1 Ageing 
Ageing is a process of decline in the survival and fecundity of a population of organisms 
over time (Partridge and Gems, 2002). 
One important tool to study the process of ageing has been the mathematical examination 
of the relationship between age and chance of death. The increased chance of death with 
ageing can be quantified mathematically using mortality curves based on the Gompertz 
model of mortality (µx = aebx) where µx represents mortality rate at age x, a is the baseline 
mortality and b is the change in mortality rate with age, i.e. the slope of the mortality 
trajectory (Finch, 1990; Strehler, 1999). Much focus has been on examining simplified 
models in order to identify key generalised significant mechanisms of ageing (see section 
1.4).         
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Figure 1.1: Gompertz relationship of mortality for ageing and non-ageing species. 
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The state of a population can be measured by mortality rate which generally show a rough 
exponential increase with age. Mortality rate has two important parameters (i) the baseline 
mortality rate, a, which is age independent and (ii) the rate at which mortality rate 
increases with age, b, the slope of mortality curve. For non-ageing species the slope of 
mortality is zero, which means there are negligible or no age related effects. Whereas, in 
the case of ageing species like human beings the slope of mortality trajectory increases 
with age factors as shown in figure 1.1. The slope of this line is dependent on both 
environmental and genetic factors which influence rate of ageing. Any intervention that 
increases lifespan, will either decrease the slope of mortality trajectory, or reduce the 
intercept. Preventions of age related degenerations however should only act by decreasing 
the slope.   
 
1.2 Theories of ageing 
Historically, a wide range of theories have been postulated to explain the ageing process.  
These may be categorised as evolutionary theories seeking to explain why the ageing 
process exists in populations or mechanistic theories which attempt to explain how the 
process operates at any of several levels of organisations within an individual organism.  A 
brief overview of some of the most important evolutionary and mechanistic theories of 
ageing is given below: 
 
1.2.1 The evolutionary theories of ageing 
The remarkable difference in ageing rates observed across different species suggests that 
organismal lifespan results from evolutionary selection pressure (Gavrilov and Gavrilova, 
2002). 
Evolutionary theories of ageing are based upon two postulates. The first is that there will 
be strong selection for the survival of an organism to a life stage which permits it to 
reproduce. The second is based upon the observation that survival over time declines 
sharply even in populations of organisms which do not show an innate ageing process 
(Rose, 1991).  
The two major evolutionary theories of ageing are: 
(i) Antagonistic pleiotropy theory: The antagonistic pleiotropic theory is the 
major theory capturing the idea of biological trade-offs within the context of population 
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genetics.  Proposed by George Williams (Williams, 1957) it is based on the assumption 
that the decline in the changes of organismal survival with time leads to selection for genes 
which have pleiotropic effects.  Specifically, it is proposed that genes which have 
favourable effects on fecundity and hence evolutionary fitness early in the life course will 
be selected for even if they have deleterious effects later on. A significant body of evidence 
exists which is consistent with antagonistic pleiotropy. Perhaps the best evidence being the 
observation that Drosophila laboratory populations selected for postponed ageing also 
typically show reduced early reproductive output (Rose, 1991). Disposable soma theory 
(Kirkwood & Holliday, 1979) recapitulates essentially the same conceptual framework as 
antagonistic pleiotropy but considers the allocation of energy between reproduction and 
somatic maintenance rather than explaining the theory in terms of gene action.  
 
(ii) Mutation accumulation theory: First proposed by Medawar (1952) this theory 
draws upon his work on „selection shadow‟ and is based on the observation that the force 
of natural selection declines with increasing chronological age.  As a result of this the 
selection pressure against mutations which reduce either fecundity or viability weakens at 
later life-stages resulting in the entry into the population of mutations which are 
deleterious, express only in later life (Medawar, 1952; Tower, 1996; Nuzhdin et al, 1997) 
and do not confer a fitness advantage early in the life course. Removal of such late acting 
genes is not easy, as most of the individuals reproduce and die of other causes before the 
expression of these genes (Medawar, 1952; Williams, 1957; Rose, 1991).  These 
deleterious mutations accumulate during evolution and are responsible for ageing.   This 
theory is conceptually sound (Rose, 1991) but experimental tests of it appear contrary to its 
predictions (Rose and Charlesworth, 1980, 1981).
1
 
Thus, antagonistic pleiotropy appears to provide a sound conceptual framework for the 
evolution of ageing. 
  
1.2.2 Mechanistic theories of ageing  
Mechanistic theories of ageing provide an explanation for how, rather than why ageing 
occurs.  Such explanations may be restricted to a single tissue or organ system within a 
                                                   
1
 The mutation accumulation theory should not be confused with the somatic mutation theory proposed by 
Szilard (1959).  This proposed that ageing resulted from somatic mutations.  The observations that (i) outbred 
animals live longer than inbred strains and (ii) that haploid strains of the same organism (e.g. Habrobracon) 
have the same lifespan as diploid strains are directly contrary to its predictions. 
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small group of species (e.g. theories which proposed to explain T or B cell senescence in 
mammals) or may be much broader and cover multiple systems in species across the 
biosphere.  The experimental focus of this thesis does not necessitate a detailed discussion 
of single system theories and thus covers only the three most influential multiple system 
mechanistic explanations of how ageing may operate.  
(i) The rate of living theory: This theory (Pearl, 1928) is based on the observation 
that populations of Drosophila melanogaster maintained at different non-lethal 
temperatures show different survival curves.  Drosophila maintained at lower temperatures 
show longer lifespans compared to those maintained at higher temperatures.  Since insects 
are poikilothermic this suggested that metabolic activity was being altered through changes 
in temperature and that lifespan in turn was inversely proportional to metabolic rate.  The 
basic observation regarding lifespan has been reproduced frequently and is experimentally 
sound (Partridge, 2010).  Some studies, most notably those with Drosophila shaker 
mutants (which show allele-specific levels of physical activity and hence oxygen 
consumption) have also demonstrated a strong correlation between lifespan and metabolic 
rate (Trout and Kaplan, 1970). 
One key prediction of the rate of living theory, in its simplest form, is that the length of 
lifespan is dependent on the metabolic rate at any given time and without “physiological 
memory” (i.e. if only metabolic rate matters, then a population of organisms switched 
repeatedly between high and low temperatures throughout their lives would show mortality 
characteristics similar to those predicted for a population maintained at the average 
temperature).  Early experiments by Maynard-Smith (1963) used Drosophila subobscura 
and demonstrated no differences in lifespan between either populations of flies which spent 
increasing periods of time (up to 30 days) at high temperatures and the remainder of their 
lives at lower temperatures or those maintained at the lower temperature throughout life 
(Maynard Smith, 1963).  More recently Mair et al. (2003) have replicated the work of 
Maynard Smith in Drosophila melanogaster with regard to temperature but have shown 
that modification of diet produces only an alteration of baseline mortality and does not 
alter underlying mortality trajectory (see section 1.5.2).  These observations, together with 
those of de Magalhaes and co-workers using the AnAge data set in placental mammals (de 
Magalhaes et al, 2007) are essentially incompatible with simple rate of living theory. 
 
(ii) The oxidative damage theory of ageing: Oxidative stress (OS) is a general term 
used to describe the steady state levels of damage resulting from the action of reactive 
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oxygen species (ROS). ROS are a class of molecules that are derived from the metabolism 
of oxygen (e.g. hydroxyl radical and peroxides) and exist inherently in all aerobic 
organisms. The oxidative damage theory of ageing proposes that ROS, produced as a side 
product of normal aerobic metabolism, result in cumulative oxygen damage to cellular 
macromolecules and the accumulation of such oxidative damage is the major cause of 
normal ageing.  
The idea that oxidative damage is a major cause of ageing has been the dominant paradigm 
within gerontology for several decades.  Experimental design was framed in the light of the 
theory and experimental results were interpreted in terms of its predictions.  However, 
although the theory has generally proved successful in providing explanations for 
correlative observations linking damage and ageing (Beckman and Ames, 1998), 
experiments seeking to test it by direct intervention have shown far less success. A central 
prediction of the oxidative damage theory is that extended lifespan can be achieved 
(Murakami et al, 2003) by reducing the rate or levels of ROS-induced damage.  
Accordingly, a wide variety of attempt to extend lifespan have been made by either 
supplementation with antioxidants or direct modulation of redox status through the over-
expression of antioxidant scavenging enzymes (Mequel et al, 1982; Hari, et al, 1998).  
Doonan et al, (2008) has tested the importance of SOD (super oxide dismutase) in 
Caenorhabditis elegans ageing and in the daf-2 age phenotype by means of SOD gene 
deletion and over expression and found minor effects on ageing in Caenorhabditis elegans. 
The effects on lifespan resulting from alterations in SOD gene expression varied between 
Caenorhabditis elegans, Drosophila and the mouse (Muller et al, 2007). Loss of MnSOD 
caused early lethality in the fly and the mouse but not the worm. Overexpressing cytosolic 
Cu/ZnSOD increased lifespan in Drosophila melanogaster but showed minor increase in 
longevity in Caenorhabditis elegans (Doonan et al, 2008). Whereas, loss of cytosolic 
Cu/ZnSOD caused a large (~80%) decrease in lifespan of Drosophila melanogaster but 
only a slight decrease in the lifespans of worms and mice. Thus, superoxides seemed to 
play a contributory role in ageing in some species but are not the major determinant of the 
rate of ageing in all the species studied.   
The observation that longevity in invertebrates and rodents correlates with reduced 
oxidative damage, is consistent with the oxidative damage theory of ageing. However, 
manipulations that increase lifespan (e.g. DR) also alter processes other than oxidative 
damage. Therefore, the increase in longevity in these animal models could arise through 
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some other mechanisms. Pérez et al, (2009) conducted a direct experimental test of the 
oxidative damage theory of ageing on transgenic mice with 18 mutations in wide variety of 
genes (including SOD1, SOD2, Gpx1, Gpx4, MsrA, Trx2) involved in the antioxidant 
defence system. Their data demonstrated only one genetic manipulation (SOD1) showed 
an increase in lifespan of knockout mice. The remaining seventeen alterations in 
antioxidant defences had no significant effect on lifespan. Although there is a large amount 
of data consistent with the oxidative damage theory (Sohal et al, 1995; Parkes et al, 1998; 
Philips et al, 2000), most of this is correlative (e.g., reduction in oxidative stress and 
manipulations that increase lifespan). The work of Pérez et al (2009) is inconsistent with 
the hypothesis that oxidative damage is the major limit to organismal lifespan in mammals.  
 
1.3 The Green Theory of ageing 
The theory that the accumulation of oxidative damage is the major cause of normal ageing 
carries two related predictions (i) that increased resistance to oxidative stress correlates 
with increased lifespan and (ii) that treatment with antioxidants will result in enhanced 
longevity.  Neither of these predictions holds (Lithgow and Walker, 2002; Pérez et al,  
2009; Sohal et al, 2000) although it is clear that oxidative damage can play a relatively 
minor role in modulating lifespan (Pérez et al,  2009). Thus, a revised hypothesis for the 
mechanisms limiting lifespan is required which allows for the possibility that oxidative 
stress can contribute in some degree to ageing but does not require it to be the sole limit to 
organismal lifespan.  
The broad spectrum detoxification or „‟Green Theory‟‟ of ageing proposes that organismal 
lifespan is limited by the failure to repair multiple types of molecular damage generated by 
a broad range of metabolic processes. Two specific predictions arise from this: (i) that 
these processes will produce a wide variety of stable but dysfunctional compounds that 
increase in concentration with age, and (ii) that organisms maintained under conditions that 
extend lifespan will display a reduced rate of accumulation of such molecular damage 
(Gems and McElwee, 2005).   
Gems and McElwee (2005) developed Green Theory as a result of comparative studies on 
different organisms carrying mutations in the IIS pathway (insulin and insulin like 
signalling pathway). Their analysis of gene expression patterns in IIS mutants with 
extended lifespan has shown that successful ageing is associated with significant 
enhancement of the metabolic processes involving xenobiotic and endobiotic degradation 
(McElwee et al, 2007).  
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Gems and McElwee proposed that the smooth endoplasmic reticulum worked as an 
intracellular filter, which deployed phase I and phase II xenobiotic metabolisms to 
mobilise and excrete a range of primarily lipophilic toxins. This clearance process was 
proposed to prevent molecular damage, and postpone ageing.  The original theory thus had 
an intrinsic intracellular bias and also did not consider the possibility that non-lipophilic 
damage (e.g. non-enzymatic glycation producing advanced glycation end products or 
AGEs) might also activate xenobiotic metabolism.   
The reports by Buetler et al. 2008; Hofmann et al. 2001 and Wenzel et al. 2002 that AGEs 
can activate Phase II metabolism provide a link between Green Theory and the larger 
literature discussing the glycation and ageing of the extracellular matrix.  Drosophila are 
known to contain collagen and other proteins with low turnover rates and are thus 
potentially susceptible to the type of AGE-induced interference with the function of these 
proteins that is seen in mammals (Oudes et al. 1998, Cerami et al, 1987).  Matrix 
metalloproteinase expression is conserved between flies and mammals (Page-McCaw, 
2008) and these enzymes are known to be involved in a range of remodelling conditions 
and Drosophila pathologies. There is also a limited body of evidence that cell-matrix 
interactions can influence mean lifespan in flies (Torgler and Brown, 2003).  However, 
there is as yet an almost complete absence of data on the ageing of the extracellular matrix 
in this species or on the relationship between xenobiotic metabolism and the extracellular 
matrix (except in the maintenance of normal liver cell function). 
Oudes et al.‟s discussion of the potential for AGEs to play a role in the ageing of 
Drosophila draws primarily on the prior literature surrounding extracellular matrix 
proteins. Xenobiotic metabolism seems unlikely to be able to act directly on extracellular 
matrix proteins but AGE containing proteins are not exclusively extracellular.  Indeed, in 
skin glycation one of the major targets is the intermediate filament protein vimentin, a 
classic intracellular protein (Kueper et al, 2007). Thus, it is possible for Phase II 
metabolism to have access to a source of adducted protein which is entirely intracellular. In 
addition, the existence of matrix remodelling processes in Drosophila melanogaster raises 
the possibility that adducted fragments of such proteins could act as substrates post the 
remodelling process.  
According to „‟Green Theory‟‟ ageing essentially represents a failure of recycling and 
could be delayed by avoiding the build up of damaged molecules. Under normal 
conditions, such „molecular rubbish‟ (as Gems and McElwee termed it) tends to 
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accumulate in tissues because it is thermodynamically stable and energetically costly to 
repair. With the passage of time this leads to the deterioration in normal tissue functions 
that we perceive as ageing.  Green Theory predicts that interventions which extend lifespan 
(e.g. DR) delay ageing because they upregulate xenobiotic metabolism (and possibly repair 
mechanisms) and thus reduce the levels of damage. In addition to repair through the action 
of small heatshock proteins which are known to play a causal role in lifespan extension 
(Walker and Lithgow, 2003) repair mechanisms based on protein deglycation also exist.  
This repair mechanism was discovered relatively recently and is dependent on the activity 
of fructosamine-3-kinase which phosphorylates fructosamines on the third carbon of their 
sugar moiety, making them unstable and causing them to detach from proteins (Da-Cunha 
et al, 2006; Van Schaftingen  et al, 2010). A simple illustration of Green Theory of ageing 
is shown in figure 1.2. 
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Figure 1.2: Diagrammatic illustration of the „‟Green Theory‟‟ of ageing.  
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In contrast to the oxidative damage theory, which restricts the types of molecular damage 
produced to those generated through the action of ROS Green theory proposes that 
multiple damaging processes occur simultaneously. It is clear that the long term survival of 
biological systems in an oxygen rich atmosphere is a challenge and there is a body of 
evidence that molecular damage caused by ROS contributes to ageing, and antioxidant 
defences to longevity. The strength of Green theory is its recognition that oxygen and its 
by-products are not the only metabolic challenge faced by an aerobic organism. A wide 
range of biological and chemical processes take place alongside oxidative damage and 
have the potential to contribute to the ageing process.  
Non-enzymatic glycation is a result of unwanted side chain reactions between reducing 
sugars and proteins. It results in a variety of energetically stable adducts and cross links 
commonly called advanced glycation end products (Gasser and Forbes, 2008). However, 
AGE-adducted proteins are highly degradation resistant under normal physiological 
conditions due to the thermodynamic stability of these chemical residues. It is possible 
therefore that failure to recycle glycated proteins results in deleterious effects on the body 
(e.g. non-competitive inhibition of enzymes and conformational deformation of proteins). 
Perhaps the best evidence of this is the observation by Cai et al (2008) that increased 
concentrations of AGEs in the diet can block the beneficial effects of DR.   
Implicit within Green Theory is the prediction that reducing the rate of formation of any 
single type of damage is unlikely to have more than a marginal effect on survival. This 
would explain both the failure of Oudes et al (1998) to extend lifespan using aminoguanine 
and the observation by Mockett et al (2003) that ectopic elevation of catalase activity fails 
to increase lifespan in Drosophila melanogaster but significantly increases stress 
resistance. The weakness of Green Theory is that the very complexity of the model makes 
it hard to design experiments which allow the theory to be falsified.  Fortunately, the 
experiments described in my Thesis (which aimed to identify the broadest possible range 
of thermodynamically stable compounds in Drosophila melanogaster in a variety of states) 
provided baseline data which could be used to test its predictions (Iqbal et al. 2009). 
 
1.4 Drosophila melanogaster a model system for ageing 
There are different models available to study the underlying mechanisms of ageing. The 
most commonly used ageing models are: 1) Saccharomyces cerevisiae, 2) Caenorhabditis 
elegans, 3) Drosophila melanogaster and 4) rodents such as Mus musculus.  Although, 
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these model organisms are widely used, there are some general limitations of using these 
species to understand human ageing. One major drawback of using many of these model 
systems is their phylogenetic distance from humans and the possibility that a species-
specific or „private‟ ageing mechanism may be the predominant one operating (discussed 
in Faragher, 2003). However, the observation that IIS mutations and DR work in all these 
species suggests that they do maintain key ageing mechanisms that may be relevant to 
human ageing.    There are some practical disadvantages of working with some of these 
model systems, the principal one being size. 
Drosophila melanogaster has been a widely used model organism since it was adopted by 
Morgan (1910), Strurtevent (1913), and Bridges (1916) to map the genetic basis of 
physical traits (Beller and Oliver, 2006). Unfortunately, in Drosophila, most of the somatic 
cells are post mitotic (de Magalhaes, 2005) and the immune system differs significantly 
from that of mammals (Leclerc and Reichhart, 2004). Despite these disadvantages, many 
fundamental biological insights (e.g. into development) have been made using the fly 
model and it remains a utile ageing resource. 
The fly has several distinct advantages as a model organism including a short generation 
time facilitating studies of population genetics, an inexpensive cost associated with 
maintaining of stocks, and the presence of balancer chromosomes that assist with the 
chromosomal mapping of traits and the propagation of mutations (Wolf and Rockman, 
2008). Moreover, the utility of the fly model is supported by the conservation of the 
biochemical pathways in humans and Drosophila melanogaster. About 75% of known 
human disease genes have a recognisable match in the genetic code of fruit flies (Reiter et 
al, 2001) and 50% of fly protein sequences have mammalian analogues.  
The high degree of homology to the mammalian genome and the availability of numerous 
genetic mutants have made fly a good model for ageing. Large collections of Drosophila 
melanogaster stocks are available to investigate specific phenotypes and to identify genetic 
mutations. These stocks include nearly 22,000 transgenic fly mutants with specific small 
interfering RNAs to examine the effects of tissue specific gene knockdown (Dietzl et al, 
2007). The Drosophila melanogaster genome has been sequenced and is extremely well-
annotated (www.flybase.org) and mutants are publically available from the repository of 
Bloomington Drosophila Stock Centre at Indiana University 
(www.flystocks.bio.indiana.edu). Single nucleotide polymorphism (SNP) maps have been 
generated to facilitate the mapping of strains and identification of modifier genes (Chen et 
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al, 2008). Tissue and temporal specific transgenic expression is readily achievable through 
a bipartite Gal4-driver and yeast upstream activating (UAS) –transgene system (Ikeya et al, 
2009; Wolf and Rockman, 2008).  
These resources along with evolutionary conservation of genomic information make 
Drosophila melanogaster ideally suited as a model system for ageing. The application of 
Drosophila melanogaster as a model system in ageing research is briefly described below. 
Both environmental and genetic interventions extend lifespan in Drosophila melanogaster 
and many other species. Cohorts of Drosophila melanogaster cooled from 25ºC to 15ºC 
live more than 3 times longer at the lower temperature than they do at the higher (Loeb and 
Northrop, 1917) a temperature reduction which should be associated with a halving of 
metabolic rate. In Drosophila melanogaster  the chico (IIS mutant) has been shown to 
increase lifespan, reduce fertility and increase antioxidant enzymes and produce a fly that 
is half the size of wild-type flies (Clancy et al, 2001). chico mutants have fewer and 
smaller cells. The homozygous chico males showed no significant change in protein and 
glycogen level but a nearly 2% increase in lipid contents as compared to their heterozygous 
siblings (Bohni, 1999). This indicated that the chico mutation may increase the glucose 
concentration in the organism. As with C. elegans, the single insulin/IGF−1 receptor in 
Drosophila melanogaster is believed to correspond with the distinct (but similar) insulin 
and IGF−1 receptors in humans. Chico protein corresponds to the mammalian Insulin 
Receptor Substrate (IRS) "docking protein" that is associated with the IGF−1 receptor, so 
defective mutations result in a similar effect as defective daf−2/age−1/Insulin/IGF−1 
signalling. The mutations in insulin/IGF-1 receptor pathways showed similar effects on 
growth and cell number in Drosophila melanogaster, diabetic mice and humans. For 
example, mutant Drosophila melanogaster are half of the normal body size (Bohni, 1999), 
mice showed delayed development and growth retardation (Tamemoto et al, 1994; Withers 
et al, 1998; Bohni, 1999) and similarly intra uterine growth retardation and low birth 
weight are observed in humans (Moller and Flier, 1991). Thus it is likely that fundamental 
insights into ageing that are directly relevant to higher mammalian systems will continue to 
be working on this model. 
 
1.5 Interventions to extend lifespan 
During interventional studies the most commonly noted feature is lifespan, determined by 
survivorship curves that measure the age at death of individuals in a population. Most of 
the genes involved in interventional studies and responsible for lifespan extension in 
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Drosophila melanogaster, appear to affect the metabolic status of the organism by altering 
the uptake of nutrients, modulating gene expression or altering insulin signalling pathway 
and response to other environmental stresses (Partridge, 2010). Some important and well 
known life extending interventions are low temperature, dietary restriction and altered IIS 
activity.  These interventions increase lifespan in many species, but are extensively studied 
in Drosophila melanogaster.   
 
1.5.1 Dietary restriction 
DR is a moderate reduction in food intake, without malnutrition, that extends the lifespan 
in many organisms. DR is the most robust environmental intervention of lifespan extension 
in species as diverse as yeast, worms, fruit flies and rodents (Grandison et al, 2009). DR 
influences many cellular processes and enhance an organism‟s resistance to stress, 
typically to temperature, starvation and oxidative stress. However, it is known that DR 
reduces the reproductive output of an organism. In Drosophila melanogaster DR leads to 
extension of lifespan particularly for females and reduction in egg laying (Chapman and 
Partridge, 1996)  
In Drosophila melanogaster, both mean and maximum lifespan is increased under DR. 
Mair et al (2003) proposed that interventions can lower adult mortality by slowing age 
related damage as well as reducing death risk. Maintenance of adult flies (n=7492 
individuals) on a DR food medium that contains roughly 35% less yeast and sugar than 
standard laboratory medium significantly (p<0.0001) lowered mortality. Dietary restricted 
flies from onset to adult hood and fully fed flies switched to DR at latter stages (14 and 22 
days old) showed reduction in age specific mortality and this effect is more obvious in 
dietary restricted flies. Both male switched to full feeding at day 14 and 22 respectively. 
Male flies with dietary restricted history showed a slightly higher risk ratio (1.167 at day 
18) of mortality as compared to female flies. These findings support and female flies show 
the same response. However, if dietary restricted flies are switched to full feeding then 
mortality level showed a rapid increase, as shown by risk ratios of 0.831 and 0.763 for flies 
the hypothesis that DR in Drosophila melanogaster extends lifespan solely by reducing the 
short term risk of death.  
The composition of diet is important in interventional studies. Mair et al. (2005) applied 
DR to Drosophila melanogaster by the simultaneous dilution of the nutrients in standard 
33 
 
sugar yeast (SY) food medium (150g/l) in which yeast is the only source of protein and 
lipid. As food concentration decreases from maximum, lifespan increases in response to 
DR, becoming greatest at an intermediate food concentration, before declining due to 
starvation at lower concentrations. Separate effects of sugar and yeast on lifespan at the 
concentrations that maximise lifespan (DR) and under full feeding (control) were also 
tested. Reduction of yeast (65g/l) increased lifespan (P<0.0001) more than equivalent 
reduction in sugar (65g/l), these results were independent of the caloric content of food 
medium to which flies were exposed. Extension of lifespan with altering yeast 
concentration suggests that protein/lipid levels have a greater effect on Drosophila 
melanogaster survival rather than carbohydrates. The difference could be due to the fact 
that amino acids increase insulin level and thus a diet high in protein/lipid contents may 
result in high levels of insulin signalling (Buch et al, 2008). Sugar and yeast could affect 
mortality rates differently if they differentially modulate metabolic or other processes that 
increase risk of death. The effect of absolute reduction of yeast and sugar in food medium 
does not appear to have been monitored in this study. The effect of 0.025%w/v tetracycline 
(antibiotic to kill bacteria in food) containing food on flies was also checked but no 
correlation was found with extension of lifespan. Figure 1.3 shows a schematic which 
captures the potential mechanisms underlying these observations.  In essence, increased 
longevity could occur either through an elevation of recycling mechanisms (in the case of 
an IIS mutant) or a mild reduction in the levels of free glucose with a concomitant 
reduction in glycation of proteins (in the case of a phenotype marked by increased 
circulating insulin levels. The work of Mair et al (2005) is thus consistent with AGE 
formation as a potential mechanism limiting longevity. 
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Figure 1.3: Schematic showing the IIS activity under different sugar level.  
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Adult flies show extended periods of time feeding when provided with a diluted diet. 
However, despite this extension in feeding time, females on such a dilute diet have been 
shown to consume less yeast and less sugar. Thus they show a reduced total calorie intake 
(Min and Tatar, 2006).  
Taken together, these studies suggest that it may be possible to obtain the full extension of 
lifespan by DR simply by reducing critical nutrients in the diet without any reduction in 
overall calorie intake. The effects of DR on male Drosophila melanogaster cohorts are 
significantly smaller than in females (typically 30% extension of lifespan rather than the 
60% seen in females, Magwere et al., 2004).  Assays of food intake are less sensitive in 
male flies populations than in female populations because males show lower levels of food 
intake over given periods of time leading to smaller degrees of difference (food 
consumption is estimated by calculating the difference in residual food weight- Piper 
pers.comm.).   Theoretically, this could act as an impediment to the achievement of a full 
DR state in males. However in practice the experimental difficulties with food 
measurement are surmountable and the differential response to DR may result from either 
(i) the inability of males to redirect energy away from courtship in the way that female flies 
are able to do with egg laying behaviour or (ii) to sex-specific differences in IIS signalling 
(Magwere et al., 2004).  At the time of writing there appear to be no data available in the 
literature on the relationship between energy expenditure on courtship and dietary 
restriction in flies (and thus there is no way to determine if courtship is indeed a fixed 
energy cost).  Approaches which have sought to dissect these phenomena further through 
the manipulation of sexual differentiation genes such as fruitless in Drosophila have 
produced ambiguous results to date (e.g. Shen et al.2009). 
Grandison et al (2009) has identified the nutrients producing the responses of lifespan and 
fecundity to DR in Drosophila melanogaster. Adding essential amino acids to fly food 
(n=100 flies per treatment) at DR conditions increased fecundity (p=0.393) and decreased 
lifespan (p>0.102) similar to the effect as full feeding. In contrast, the addition of 
nonessential amino acids to dietary restricted food decreases lifespan (p=0.011). However, 
the addition of only one amino acid (methionine) was found necessary and sufficient to 
increase fecundity (significant ≥0.35mM, p=0.0232, n=10) to the level of full feeding at 
0.7mM (p=0.393) without reducing lifespan. Hence, an imbalance in dietary amino acids 
away from the ratio optimal for reproduction shortens lifespan during full feeding and 
limits fecundity during DR. Grandison et al (2009) linked this finding with the activity of 
IIS pathway, playing a role in protecting the organism against shortening of lifespan with 
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full feeding. This study proposed that it may be possible to obtain the benefits of lifespan 
extension with DR without incurring a reduction in fecundity, through a suitable balance of 
nutrients in the diet.    
 
1.5.2 Temperature  
The effect of temperature has been widely studied (Tower, 1996). Decrease in ambient 
temperature is an important intervention that can clearly increase the lifespan. Lowered 
temperature, which also increases lifespan in ectotherms, reduced the accumulation of 
ageing related damage in Drosophila melanogaster (Partridge, 2010). The observation that 
fruit flies exhibit a shorter lifespan at high temperatures led Pearl (1928) to conclude that 
higher temperature increased fly activity, so that lifespan varies inversely with the rate of 
energy expenditure. The biochemical reactions in fly occurred at faster rate at higher 
ambient temperature and hence shortened the lifespan.  
Loeb and Northrop (1917) were the first to demonstrate the existence of a temperature 
coefficient for lifespan using Drosophila melanogaster. They found that between 
temperatures of 10°C and 30°C lifespan is inversely proportional to temperature and 
concluded that lifespan was determined by the production of a substance that led to old age 
and death, or by the destruction of substances that prevent ageing and death. They 
proposed that this substance, or substances, accumulate or disappear according to a law 
relating temperature and metabolic rate similar to that for chemical reactions (Miquel et al, 
1976). 
Mair et al (2003) confirmed slower rates of ageing in Drosophila at lower temperatures, 
and reported decreased mortality when cohorts of male flies (n=1540) were switched from 
27°C to 18°C.  However, as with the earlier work of Maynard Smith, the slope of the 
mortality trajectory at the new, lower, temperature remained characteristic of that of flies 
grown at higher temperatures.  Flies showed a greater effect of thermal history if they were 
switched to a different temperature at a later age.   A „memory‟ of past temperature (or 
thermal history) was shown by mortality trajectory, and this was in sharp contrast to the 
DR experiments, in which flies exhibited no „memory‟ of past feeding.  
 
1.5.3 Genetic interventions 
Experiments with model organisms are consistent with the hypothesis that signal reduction 
through the insulin and insulin-like growth factor (IGF) signalling (IIS) pathways acts to 
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prolong lifespan by reducing the rate of ageing (Piper et al, 2008). The IIS pathway is 
evolutionary conserved and has diverse functions in all multicellular organisms. 
The seven insulin-like peptides in Drosophila melanogaster are expressed in a stage and 
tissue specific manner during development. Partial ablation or gene knock out of these 
Drosophila insulin-like peptides (DILPs) result in mutant flies, having altered phenotypes 
and changed responses to environmental stress (Brogiolo et al, 2001).  These include small 
size, reduced fecundity, extended lifespan, altered lipid and carbohydrate metabolism 
(Brogiolo et al, 2001, Saltiel and Kahn, 2001) and increased starvation and oxidative stress 
resistance (Lithgow et al, 1995; Clancy et al, 2001; Broughton et al, 2005). 
Studies of the effects of single gene mutations on longevity in Caenorhabditis elegan, 
Drosophila melanogaster and Mus musculus identified homologous, highly conserved 
signalling pathways that influence ageing. In each of these very distantly related species, 
single gene mutations which lead directly or indirectly to reduced insulin/IGF like 
signalling can produce significant increases in both average and maximal lifespan. Unlike 
rodents, worms and flies contain many ligands for the IIS pathway. In flies, the expression 
of the genes encoding the seven DILPs have different spatiotemporal patterns of 
expression, indicating they might affect different aspects of the diverse phenotypes 
controlled by the IIS pathway (Brogiolo et al, 2001). Ablation of the neural cells producing 
three of the peptides (DILP2, 3 and 5) immediately before adulthood results in lowered 
insulin signalling and increased longevity in flies, suggesting that one or more of these 
insulin ligands affects adult lifespan, fecundity, stress resistance and metabolic phenotypes 
(Broughton et al, 2005). 
Individual tissues can contribute to the extension of lifespan by producing secreted factors, 
such as the insulin ligands, that can act at a distance (endocrine) or locally (paracrine), or 
on the secreting cells themselves (autocrine). Worm, fly and mouse CNSs differ in 
structure, organisation and complexity, but in all three model organisms, neuronal tissue 
releases secreted factors that directly or indirectly modulates IIS in distant tissues. 
Broughton and Partridge (2009) ablated mNSCs (median neurosecretory cells) in 
Drosophila melanogaster to describe the interaction of CNS and other endocrine tissues to 
regulate IIS at a distance and thus co-ordinate ageing in the whole organism. Genetic 
ablation of mNSCs by expressing a dominant negative form of p53 in the CNS resulted in 
lower levels of circulating DILPs which in turn correlated to reduce activity of IIS pathway 
and increase in lifespan of mutant fly. The discoveries made in worms, flies and mice on 
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the extension of lifespan by lowered IIS pathway activity (Broughton and Partridge, 2009) 
suggest that manipulation of the right signalling component in the right tissue in the adult 
can extend lifespan with few detrimental effects or even improved health and function.  
Conservation of function of the IIS pathway between species was evident since, just as for 
worms, these long lived fly mutants had altered development, lowered fecundity, increased 
stress resistance and exhibited higher lipid content than controls (Zhang et al, 2009). 
Mutations that extend lifespan illuminate the molecular mechanisms underlying ageing and 
longevity. Two single gene mutations of the IIS pathway in Drosophila melanogaster that 
extend lifespan are: in the insulin receptor InR and its substrate Chico. The Drosophila 
gene Chico encodes an insulin receptor substrate that functions in an insulin/insulin-like 
growth factor signalling pathway. Just as in Caenorhabditis elegan insulin/IGF signalling 
regulates adult longevity, Clancy et al (2001) reported that mutation of Chico extends fruit 
fly median lifespan by up to 48% in homozygotes and 36% in heterozygotes. This increase 
in longevity was not associated with dwarf phenotype and impaired oogenesis in Chico 
females, but the result of evolutionary conserved role of insulin/IGF signalling pathway in 
regulating animal ageing.  
Only two models of targeted reduction in IIS pathway activity and their effects on 
longevity have been reported in mice: ubiquitous reduction of the IGF-1R (Holzenberger et 
al, 2003) and a fat specific insulin-receptor knockout (FIRKO) (Blüher et al, 2003). These 
animals showed reduced fat mass and were protected against age-related obesity and its 
subsequent metabolic abnormalities. Both male and female FIRKO mice were found to 
have an increase in mean lifespan of approximately 134 days (18%), with parallel increases 
in median and maximum lifespan. These findings were a major breakthrough in 
demonstrating the evolutionary conservation of the role of the IIS pathway in determining 
longevity and suggested that similar interventions might also alter lifespan in humans. 
Furthermore, the FIRKO mouse exhibited better glucose tolerance than controls, showing 
that the metabolic defects normally associated with lowered insulin signalling are 
separable from the extension of lifespan (Blüher et al, 2003). 
The IIS regulatory mechanisms of controlling fecundity, lifespan and other related 
phenotypes along with these traits are not understood. Genetic manipulation is a very good 
approach to study individual and redundant functions of DILP gene family, as flies lacking 
some or all of these genes show metabolic defects similar to those produced by loss of 
insulin function in mammals, including altered starvations responses and high sugar levels 
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in fat tissue (Zhang et al, 2009). These tiny animals provide a remarkable in vivo system to 
uncover the IIS related metabolic defects with a long term goal of screening for genetic 
and pharmacological inhibitors that ameliorate them. 
 
1.6 Biomarkers of ageing 
Biomarkers would represent a better means of studying ageing than simply scoring the 
death rate. A classical biomarker is a short-term proxy indicator of the longer term health 
status of an organism.  
Molecular markers that correlate with an organism‟s survival may be regarded as possible 
„‟biomarkers of ageing,‟‟ accumulating with increasing age and potentially underlying the 
eventual cause of death.  
Ageing is characterised by accumulation of damage to molecules, cells, tissues and the 
systemic environment, leading to loss of function, increasing vulnerability to ageing 
related diseases and eventual death (Kirkwood, 2005; Vijg and Campisi, 2008). Because 
the ageing process is slow, predictive biomarkers of ageing have long been sought, 
(Warner, 2004) but as yet no definite mechanistic markers have been obtained (q.v.).  
One of the major problems in research of ageing is separating causes from correlation. Just 
because two processes parallel each other we cannot imply a causal relation in any 
direction. It is true for any potential biomarker. Therefore, it is extraordinarily difficult to 
predict the role of any chemical species related to ageing process. Inter individual variation 
may be greater than longitudinal variations so effective model systems are essential to 
study interventions which alter the rate of ageing on a clonal genetic background, with a 
controlled environment. 
Markers may track survival but can also reflect risk of dying at any given time due to 
unrelated causes (i.e. simply be correlative but not causative). As previously described, 
Mair et al (2003) conducted a series of experiments in which Drosophila were switched 
between different temperature (25°C and 18°C) and dietary (fully fed and DR) regimes. 
Switching between temperatures resulted in a change in the slope of mortality trajectory 
(Gompertz model, µx = ae
bx
), whilst switches in diet reduced only the baseline mortality. 
This approach was extended by Partridge and co-workers (Jacobson et al, 2010) to identify 
potential biomarkers of ageing. Cohorts of Drosophila melanogaster were reared at 
different temperatures (25°C and 18°C) and under different dietary (fully fed and DR) 
regimes.  
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Figure 1.4 Schematic explanation of Mair et al, 2003. Age specific mortality rates of 
male Drosophila melanogaster in response to temperature regime. Change in slope of 
trajectory is directly proportional to the change in temperature. 
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Figure 1.5 Schematic explanation of Mair et al, 2003. Age specific mortality rates of 
female Drosophila melanogaster in response to DR regime. Change in diet conditions 
result in change in intercept but no effect on slope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
42 
 
Partridge and co-workers proposed that the contrasting effects of temperature and DR on 
mortality rate (µx) provide a powerful method for detecting biomarkers of ageing in 
Drosophila melanogaster. They proposed that molecular species that track the effects of 
temperature on mortality rate but are unaltered by switches in diet are potential biomarkers 
of age-related damage. In contrast, species which alter when animals are switched between 
the DR and ad libitum fed states are not markers of age-related damage but are instead 
biomarkers for mechanisms which underlie the risk of mortality in this species.  Following 
my work (Iqbal et al. 2009) Jacobson et al (2010) demonstrated that AGEs act as 
biomarkers of age-related damage in flies (discussed in detail in section 1.7.3.).  It should 
be stressed that although this approach separates markers of mortality risk from markers of 
age-related damage but it does not provide direct evidence that any given marker plays a 
causal role in the mechanisms of ageing. 
 
1.7 Advanced glycation end products 
Advanced glycation end products (AGEs) are formed as a result of condensation reactions 
between sugars and amino acids (figure. 1.6). During these chemical reactions lots of 
molecular rearrangements occur which end up in very complex products. It is easy to study 
AGEs because they are stable as compared to radicals, and many AGEs are persistent 
through acid hydrolysed amino acid analysis. 
 
1.7.1 Formation of AGEs 
Advanced glycation end products (AGEs) are one potential biomarker of ageing. These are 
formed from the nonenzymatic reaction between reducing sugars and amine residues on 
proteins, lipoproteins or nucleic acids. Multiple pathways give rise to AGEs, including the 
Maillard reaction, Schiff base formation and Amadori rearrangements (Baynes, 2001). 
 
 
 
 
 
 
 
43 
 
 
 
 
Figure 1.6 A simple schematic of AGEs formation by reaction between sugar and protein 
side chains. 
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The end-stage products of Maillard reactions in biological systems are known as advanced 
glycation end products (AGEs). AGEs and Maillard reaction products are only a part of the 
spectrum of chemical modifications that are detectable in ageing tissues. It is important to 
establish whether the accumulation of AGEs or other chemical modifications of proteins 
are causative or correlative with respect to ageing. If causative, then inhibition of AGEs 
may be a reasonable approach for extension of lifespan. Inhibition of AGEs may also 
retard the decline in physiological function in chronic, age-related degenerative diseases, 
leading to both an increase in mean lifespan and better health during old age. 
 
1.7.2 Analysis of AGEs 
AGEs are heterogeneous species generated as a result of side chain modifications of 
proteins, which can be extremely complex even when only a single type of protein is being 
modified. This heterogeneity can be illustrated by the work of Schmitt et al (2005) using 
human serum albumin (HSA)-AGEs (formed by incubation of HSA with glucose, methyl 
glyoxal and glyoxylic acid), their mass spectrometry data showed an increase in mass 
correlating with increase in side chain modifications at AGE specific absorbance of 
360nm.  Many of the AGEs are protein cross links e.g. Glyoxal-derived lysine dimer 
(GOLD), methyl Glyoxal lysine dimer (MOLD), 3-deoxyglucosone-derived lysine dimer 
(DOLD) and  pentosidine etc, these can cause denaturing of proteins, inactivation of 
enzymes and can play a role in loss of many physiological functions. The extent to which 
each amino acid reacts with glucose is different and depends on the individual chemical 
structure. Amino acids with long hydrophobic side chains (e.g, leucine, valine, isoleucine) 
react slowly compared to those having aliphatic hydroxyl side chains (e.g, threonine and 
serine).  One of the most reactive amino acid is lysine due to availability of two primary 
amine groups to react with glucose (Fry and Stegink, 1982). The basic structure of some 
well known AGEs is shown in figure1.7.  
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Figure 1.7     Basic chemical structures of some advanced glycation end products.  
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A wide range of fluorimetric, spectroscopic and chromatographic techniques can be 
applied to investigate AGEs and their potential role in ageing (Monnier and Grandhee, 
1991; Mehlis,and Kerscher, 1997; Oudes et al, 1998; Thornally et el, 2003). These entities 
can be characterised with respect to their degree of modification, specific side chain 
alterations, fluorescence and absorbance characteristics, changes in protein structure and 
molecular weight. 
The potential complexity of mixtures of AGEs in vivo is perhaps best illustrated by the 
work of Lapolla et al (2001).  This group used a simple in vitro technique to generate 
AGE- peptides derived exclusively from bovine serum albumin.  Detailed structural 
information on the AGE-peptides produced was obtained using a range of analytical 
techniques applied to a proteinase K digestion of bovine serum albumin glycated by prior 
incubation with 0.5M D-glucose for up to 90 days. Both MALDI-MS and HPLC/ESI-MS 
were applied and the results obtained were compared with data from conventional 
spectrometric techniques (UV, fluorescence, gel permeation). Despite the potential 
simplicity of the starting material all the techniques employed showed the digestion 
mixtures to be highly complex and to contain components with molecular masses from 
300-3500 Da. 
In addition to demonstrating the potential complexity of AGE mixtures the same group 
have shown the potential for preparation methods to generate experimental artefacts.   
Gerhardinger et al. (1990) demonstrated that one potential marker for advanced glycation 
of proteins (2-(2-Furoyl)-4(5)-(2-furanyl)-1-H-imidazole or FFI) is 
predominantly/exclusively a reaction product arising from HCl hydrolysis during sample 
preparation.  Thus, it is possible that a component of any signal obtained using acid-
hydrolysis (e.g. Iqbal et al, 2009) is a result of the preparation technique and is therefore 
artifactual.   
The simplest argument against this is that samples prepared from ageing flies using 
enzymatic digestion (e.g. Oudes et al, Jacobson et al) show the same basic trends as those 
produced using acid digestion.  This is consistent with the major component of the signal 
being present in vivo rather than resulting from the preparative steps2. 
The persistent but complex nature of AGEs demands a careful selection of analytical 
techniques as characterisation of such diverse and complicated compounds is not easy. 
                                                   
2
 Formally, even the generation of „‟artefacts‟‟ is not problematic if the purpose of a study is simply to detect 
whether compounds change in concentration with age. Such changes do not represent compounds but 
derivatives of compounds of interest.  
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There is a need for multiple analytical tools to understand the chemistry behind the 
formation and role of AGEs in ageing. 
 
1.7.3 AGEs relevance to ageing 
AGEs increase in proteins such as collagen with in vivo ageing. In a study of eight species 
of which three were primates, Sell and co-workers demonstrated that the rate of 
accumulation of pentosidine is higher in skin collagen in short-lived mammals, such as 
Cryptotis parva (the least shrew) compared to longer lived animals such as humans or pigs 
(Sell et al, 1996).  In evolutionary terms, this is consistent with a relatively limited level of 
investment in somatic maintenance in short lived animals compared to longer lived ones.  
Interestingly, although pentosidine accumulation rates were found to be high in this study 
in short lived animals the absolute amounts accumulated were lower than those of some of 
the longer lived species. This led Sell et al (1996) to propose that these animals may have 
highly efficient skin collagen turnover systems.   It is also possible that the primary cause 
of mortality (e.g. cancer in rodents) is simply not dependent on glycation.   
Unfortunately, small cross-species studies, although potentially informative, are 
notoriously difficult to interpret.  Speakman (2005) has noted that such studies frequently 
ignore the co-variation of traits with body mass and the lack of independence of the data 
due to a shared phylogenetic history (e.g. the three primate species used in the Sell et al, 
1996  study).  When these traits are taken into account correlations which appeared 
compelling frequently disappear.  A case in point is the work of Valencak & Ruf (2007) on 
the relationship between polyunsaturated fatty acid levels (PUFA) and lifespan. Elevated 
phospholipid PUFA levels had previously been shown in a number of small studies to 
negatively associate with lifespan (giving rise to the „membrane pacemaker‟ theory of 
ageing).  However, Valencak & Ruf studied 42 mammalian species using statistical models 
that adjusted for the effects of body weight and phylogeny and found no such correlation.   
Thus, judgement on the validity of the relationship reported by Sell et al. (1996) should be 
suspended until a larger study is available.  
Baynes, (2001) considered AGEs only one of many types of chemical modifications that 
accumulate in long-lived proteins with age. AGEs may contribute to the decline in tissue 
and organ function with age, especially in age-related chronic disease, but the rate of their 
accumulation in proteins may not necessarily be a primary determinant of the maximum 
lifespan or rate of ageing of species.  
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1.8 Chemical techniques to analyse age associated compounds in Drosophila 
melanogaster 
Ageing is the result of complex biological phenomena which gives rise to the formation 
and degradation of thousands of different compounds throughout the lifespan of an 
organism (Iqbal et al, 2009).  
The development of analytical techniques for the analysis of age-associated compounds in 
Drosophila is subject to a number of constraints. Each technique must be (i) sufficiently 
sensitive to require only small amounts of sample and (ii) be selective enough to allow 
disaggregation and quantification of signals from multiple compounds. Any methods 
developed must also allow potential detection of the maximum diversity of stable 
compounds.    
AGEs are a well characterised group of stable compounds that are present as complex 
mixtures in mammalian systems. It is therefore decided to use methods developed for 
AGEs as a starting point for the development of methods for the analysis of age-associated 
chemical changes in Drosophila melanogaster. Both the sample preparation and detection 
methods were selected according to these criteria. The sample preparation was designed to 
be as simple as possible with the minimum number of purification steps (in order to be able 
to apply multiple analytical techniques without losing the compounds of interest). this 
Since the project sought to identify stable compounds (such as AGEs) acid digestion, 
although aggressive, was selected as the most direct approach, (Graham, 1996; Thomas et 
al, 2005) even though there was a possibility that artefacts might be generated (see section 
1.7.2).  
Keeping in view the objectives and application of analytical methodologies, we decided to 
use the following techniques to analyse the changes occurring with age in Drosophila 
melanogaster. A brief overview of each technique used in this research project is given 
below:  
 
1.8.1 Fluorimetry 
Fluorimetry is a widely used research tool for the study of biological
 
molecules and it has a 
number of valuable applications in the investigation
 
of different biological samples. The 
basic principal of fluorimetry is the excitation of molecules to higher energy levels, 
followed by quantitation of the energy emitted in the form of light as a proxy measure of 
the amount of fluorescent material present in the sample (Guilbault, 1990). Fluorimetry is a 
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popular tool in biochemistry because it is highly sensitive and has low background signals 
as compared to other analytical techniques. Spectrofluorimeteric measurements of 
molecules are more specific than absorbance measurements, because the fluorescent 
molecules have both specific absorbance and emission frequencies. The sensitivity of 
fluorimetry is approximately three orders of magnitude greater than that of typical 
absorption based methods (Guilbault, 1990). Some AGEs (e.g. pentosidine) are known to 
be fluorescent and some (e.g. CML) are not.  It is also plausible that novel classes of cross-
links remain to be discovered and these may be fluorescent or non-fluorescent.  It is thus 
not formally possible to define the precise fraction of the total AGEs in Drosophila 
melanogaster that will be detected using fluorescence3.  However, enough AGEs are 
fluorescent to render use of the technique basically valid (Booth et al, 1996).  
As the degree of damage increases with increasing age, fluorimetry can be used to measure 
the changes determining the total fluorescence (e.g. of AGEs) at specific excitation and 
emission wavelengths of 350nm and 450nm respectively (Sebekova et al, 2001). This 
technique is quite helpful in detecting low molecular weight (LMW) AGE-peptides and 
free adducts (Ahmed and Thornalley, 2007).  
The LMW-AGEs are produced as a result of incomplete digestion of AGEs and may have 
more toxic potential, being free to interact with AGE receptors at distant sites via the 
circulation. Thomas et al (2005) has identified several free AGEs including pentosidine, 
CML and free-imidazole at fluorescence wavelengths of excitation 370nm and emission 
440nm in renal serum (glomerular filtration rate, GFR) as a marker of AGE modification. 
These low molecular weight AGEs were found to be higher (GFR >130ml/min) in diabetic 
patients (n=604, p<0.01)) than healthy controls (GFR= 90-120ml/min), hence supporting 
the notion that physiological ageing accelerates with accumulation of tissue AGEs.  
Another relevant study was characterisation of acid-stable fluorescent cross links formed 
by ribose with basic amino acids (Graham, 1996). Fluorescence spectra of the purified 
cross-link were monitored at two different wavelengths to confirm they belong to AGE 
species. For excitation wave length 360nm and 340nm, emission wave length 425nm and 
375nm were used respectively. The method of digestion was acid hydrolysis and resulting 
cross-links showed stable signals and hence showed robust nature of AGEs.  
                                                   
3
 Formally speaking, the percentage of known AGE structures that are fluorescent is of little assistance in 
determining what proportion of the AGEs in a sample is captured by any given fluorescence reading.   This is 
because (i) it is unknown what proportions of the mixture are comprised of fluorescent as opposed to non-
fluorescent AGEs and (ii) it is possible that a component of the signal will come from fluorescent AGE-like 
structures which have yet to be characterised. 
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Prior to my thesis and subsequent published work, the only literature available for the 
analysis of AGEs in Drosophila melanogaster was that of Oudes et al (1998).  The 
wavelengths used for measurement of fluorescent AGEs in batches of n=5 flies were 
excitation at 365nm and emission at 440nm. An increased abundance of AGE species were 
observed in old flies (75days) as compared to young flies (10days). Flies showed a 44% 
increase in their AGE content from young to old age. This study used only two time points 
(10 and 75 days). The limited time points and very brief description of how this data was 
generated by Oudes et al (1998), made this study limited in usefulness for our purposes. 
Samples in this study were prepared by enzymatic digestion of flies which could be a 
source of error by interfering with signals of AGEs on fluorimetry and introducing 
exogenous proteins to the sample. 
 
1.8.2 NMR spectrometry 
Nuclear magnetic resonance (NMR) spectrometry is based on the excitation energy that is 
required to change a spinning nucleus from a lower energy spin state to a higher energy 
spin state in an external magnetic field.  The position of the signals relative to one another 
is dependent on the electronic environment of the nucleus and the strength of the applied 
magnetic field. For proton NMR the area under each absorption peak corresponds to the 
number of protons giving rise to that absorption. The multiplicity of signals is dependent 
on the adjacent nuclei.  
 NMR is a uniquely useful analytical tool in determining the chemical structure of 
molecules. Routinely one dimensional NMR spectrometry is used to find the chemical 
structure of small molecules. However, more complicated molecules can be analysed by 
two dimensional NMR and other advanced techniques. NMR is helpful in determining the 
physical structure of molecules. Proton NMR spectrometry may be a comparatively less 
sensitive technique than Mass spectrometry but it has practical applications in analysing 
the glycated compounds produced as a result of Maillard reaction (Benjamin et al, 2001;  
Fleming et al, 2009).  
In principle, proton NMR spectrometry is an appropriate technique for the detection of 
chemical changes occurring during the lifespan of an organism. Both the concentration and 
the volume of sample used are important parameters in NMR.  Low concentration samples 
give weak signals and low volumes do not allow the proper generation of spin.  However, 
sample preparation is easy and in practice volumes as low 600µl can give significant 
reproducible signals. The signals obtained by NMR are quantifiable and easy to distinguish 
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being in specific regions. NMR signals do need to be standardised by a suitable internal or 
external reference (a chemically unreactive and usually single signal producing compound) 
to balance their chemical shifts. One example of clinical and biological application of 
proton NMR is quantitative analysis of amino acids in synovial fluid from rheumatoid 
arthritis and osteoarthritis patients (Meshitsuka et al, 1999) on a 500MHZ NMR. Samples 
were prepared in D2O and chemical shift in signals was referenced by using trimethyl-
silyl-proprionate-tetradeuterate (TSP-d4) as internal standard. Signals for amino acids were 
observed in the range of 0.5 to 4.5ppm. 
1
H NMR spectrometry was a successful approach 
by immediate identification of quantitative differences in amino acids between synovial 
fluids from patients with rheumatoid arthritis and osteoarthritis. Integration of peaks was 
used as a comparative measure of data but some signals were overlapping. Moreover, TSP-
d4 showed broadening of signals due to chemical interaction with constituents of synovial 
fluids and found to be limited as a standard. The application of NMR in such analysis can 
be improved by paying more attention to sample preparation and selection of suitable 
internal or external reference materials.  
NMR has mostly been used for standard characterisation and structural confirmation of 
individual AGEs e.g. 6-N-carboxymethyllysine (Delatour et al, 2009). The 
1
H-spectrum of 
13
C labelled CML recorded in D2O, exhibited six resonance signals at δ=1.61, 1.85, 2.06, 
3.21, 4.02 and 4.15ppm. The singlet was assigned to the single hydrogen atom, whereas 
multiplicity of signals was consistent with the structure of the compound. The quantitative 
analysis of different CML standards was conducted by comparing the relative intensities of 
signals.  
Another similar analytical procedure has been developed by Fleming et al (2009) for the 
characterisation of nucleotide advanced glycation end products-imidazopurinone adducts, 
formed by glycation of deoxyguanosine with Glyoxal and methylglyoxal. The major 
products isolated and purified from the reaction of Glyoxal and methylglyoxal with 
deoxyguanosine were characterised by 270MHZ NMR using dimethylsulfoxide (DMSO) 
as reference. The chemical shifts observed from Glyoxal and methylglyoxal were in the 
ranges of 8.93 to 2.35ppm and 8.70 to 1.39ppm respectively.  
NMR is found very helpful in finding the basic structure of organic molecules and thus 
providing information about chemical nature of age-related compounds regardless of their 
fluorescent nature. So it broadens our studies by analysing both fluorescent and non-
fluorescent glycated compounds. The advantage of this technique is its non destructive 
nature and that it requires almost no treatment of samples. This technique can be applied to 
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complex biological mixtures for structure elucidation, hence this is the first ever study to 
apply NMR spectrometry for the analysis of age-related stable compounds in acid digests 
of whole fly throughout the ageing.  
 
1.8.3 Mass spectrometry 
Mass spectrometry is a sophisticated analytical technique commonly used to find the 
composition of a physical sample by generating a mass spectrum. This mass spectrum 
represents the masses of sample components, depending on mass to charge (m/z) ratio of 
charged particles in the sample. This chemical technique is very useful in identifying 
unknown compounds by measuring their masses. Structural information can be obtained by 
using tandem mass spectrometry (MS/MS). This is achieved by fragmenting the sample 
inside the instrument and analysing the products generated. This procedure is also useful 
for the structural elucidation of organic compounds in biological samples. Whilst working 
with very small amounts of samples, mass spectrometry was a good candidate technique 
for analysing the fly digests, with the advantage of using a reduced amount of sample and 
producing highly sensitive results. Mass spectrometry is a widely used analytical technique 
in ageing research to identify AGEs and other similar compounds (Mehlis and Kertscher, 
1997; Schmitt et al, 2005) which may be formed according to predictions of Green Theory 
of ageing. MS/MS analysis has been employed in identification of age associated 
compounds both in vitro and in vivo glycated proteins by acid hydrolysis (Lapolla and 
Fedele, 1991; Thornally et al, 2003; Hartog et al, 2007) but never in Drosophila 
melanogaster.  
To identify and characterise the reagents, intermediates and reaction products involved in 
formation of AGEs, Saraiva et al, (2006) used Electrospray ionization mass spectrometry 
combined with tandem mass spectrometry. These techniques provide useful information 
about the fragmentation pattern of amino acid residues, hydrated and non-hydrated species 
and nature of the ions formed and thus helped in establishing structure/activity 
relationships for the reactivity of di-carbonyls with amine compounds. Depending on the 
degree of modifications, four different reaction mixtures generate multiple signals for 
glyoxal (m/z = 275, 257, methylglyoxal (m/z = 289, 271, 297, 315, 333, 343, 361, etc), 
phenylglyoxal (m/z = 333, 351,421, 467, 485, etc) and diacetyl (m/z = 285, 303, 353, 371, 
389, etc).  MS/MS analysis revealed these signals were mostly related to amino acids. 
 At first sight, mass spectrometry seems a direct and sensitive approach, but actually it is 
far more difficult to analyse compounds in complex biological systems. One limitation of 
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the MS system is its expense and the second is its limited sensitivity (limit of detection) in 
scan mode as compared to electrochemical or fluorescence detection when comparing the 
S/N ratio. The sensitivity of detection can be improved by using a low flow LC-MS system 
or single ion monitoring. MS/MS however, can provide unambiguous structural 
information about key chemical moieties present in the system. Considering the limitations 
and difficulties in getting a reproducible mass chromatogram, complex mixtures have to be 
investigated by using simple preparation protocols and minimal pre-purification steps. 
Mass spectrometry can provide both qualitative and quantitative data. It is therefore, 
possible to identify compounds by high resolution and MS/MS fragmentation and measure 
the relative amounts of small compounds by examining the size of the signal related to an 
internal standard.  
The samples obtained from biological materials are very complex and cannot be easily 
analysed by mass spectrometry without significant pre-treatment. Some basic reasons are: 
very low concentration, salt concentration in sample, contaminants with proteins and other 
unknowns, cell debris, chitin etc. Salts are deposited in an MS system (Mehlis and 
Kertscher, 1997) causing perturbations such as ion defocusing, the latter contaminants 
result in high background signals and obscuring signals. Sample preparation is central to 
obtain accurate information about the presence of AGEs and other stable compounds. 
There was no established protocol available to study such complex compounds in 
Drosophila melanogaster, so this study is the first ever in applying this sophisticated 
technique to analyse this class of compounds in whole fly digest as biomarkers of ageing.  
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Analytical 
technique 
Advantages Disadvantages 
Fluorimetry Detect fluorescent compounds Large volume of sample 
needed 
Low background signal pH sensitive so a buffer soln. is 
needed 
High sensitivity No information for non-
fluorescent compounds 
Nuclear magnetic 
resonance 
3D Structure information An internal reference is needed 
Non destructive Lengthy data acquisition time 
Use for both fluorescent and 
non-fluorescent compounds 
Interpretation of spectra is not 
easy 
Mass spectrometry Both qualitative and 
quantitative analysis 
Expensive.  
Loss of sample 
High sensitivity of results with  
small volume of sample   
An internal standard is needed 
Identification of unknown 
compounds by measuring their 
masses (m/z) 
Samples should be highly 
purified 
 
Table 1.1 Advantages and disadvantages of analytical techniques used to study age 
associated changes in Drosophila melanogaster. (Derived from personal observation 
Guilbault, 1990., Silverstein et al, 1991., Chien et al, 1995 and literature reviewed in section 
1.8).
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1.9 Aims of study 
My thesis describes the detailed chemical analysis of whole Drosophila melanogaster. At 
the inception of this project only one attempt had been made to characterise AGEs in 
Drosophila melanogaster digests (Oudes et al, 1998).  However, this study was limited to 
two time points, one fluorimetric wavelength and one small set of compounds.   This study 
was nonetheless useful because it indicated that at least one class of stable products of 
damage existed within flies and could be detected.  This, together with much of the 
literature captured in the preceding review, led me to hypothesise the following: 
 [1] That acid stable chemical species existed within Drosophila melanogaster (of which 
AGE-like entities represent a subset). 
[2] That such chemical species represented the stable products of damage to 
macromolecules within Drosophila melanogaster and as such had the potential to play 
either a causal or a correlative role in the ageing process within this organism. 
Thus, the primary aim of my thesis was the development of simple preparative techniques 
which would produce digests of whole Drosophila melanogaster for use in three 
dimensional (3D) fluorimetry, 
1
H NMR spectrometry and mass spectrometry.  These 
techniques have produced extensive data on deleterious changes in both diseased and aged 
mammalian tissues (Monnier and Sell, 2006). Unfortunately, they remain virtually 
unapplied to the study of ageing in the simple model organisms. 
The techniques I sought to develop were based on those used to detect AGEs (since these 
were known to be present in Drosophila) but were not intended to detect these alone.  The 
simplest possible sample preparation methods were necessary to avoid sample loss and to 
produce samples which could be studied using a broad spectrum of analytical techniques. 
This required me to keep sample preparation steps to a minimum with a premium on 
methods that could be readily used in non-specialist analytical laboratories. This rendered 
development of a routine method for the analysis of flies complex.  However, this was 
accomplished. 
My initial data clearly indicated the presence of chemical species which either increased or 
were lost with advancing cohort age and were thus consistent with my starting hypothesis.  
The aim of the thesis then shifted to the study of interventions that altered the rate of 
ageing in order to determine whether this altered the rates of accumulation or 
disappearance of these species (e.g. to provide initial data on whether they were markers of 
ageing) 
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Accordingly, environmental (DR and low temperature) and genetic interventions (altered 
IIS activity) were used to alter the rates of ageing of multiple cohorts of Drosophila 
melanogaster.  Populations subject to interventions which slowed ageing rates also showed 
a reduced rate of accumulation of signals consistent with damage (putative advanced 
glycation end products) as compared to cohorts under normal conditions.
 1
H NMR 
spectrometry and mass spectrometry also revealed distinct age associated spectral changes.    
This study combines multiple time points under four different sets of environmental and 
two different sets of genetic interventions and is the largest of its kind carried out to date.  
My recognition that AGE-like molecules had the potential to activate Phase II 
detoxification mechanisms, together with the body of data on chemical changes within 
ageing flies that I generated using my novel techniques allowed the first critical test of the 
broad spectrum detoxification hypothesis of ageing (sometimes known as the “Green 
Theory” of ageing).   The results I obtained were consistent with the predictions of this 
theory (Iqbal et al.  2009), were subsequently confirmed (Jacobson et al. 2010) and 
represent the first contribution of chemical analysis to an improved understanding of 
ageing in Drosophila melanogaster. 
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MATERIALS AND METHODS 
 
2.1 Drosophila melanogaster Stocks 
All experiments were performed with the wild-type, outbred, laboratory strain Dahomey 
unless otherwise stated. (Kindly supplied by Prof. Linda Partridge and Dr. Matthew Piper 
from The Institute of Healthy Ageing, University College London, UK). 
Lifespan experiments: The population of Drosophila melanogaster was maintained in 
large population cages with overlapping generations on a 12h: 12h light: dark cycle at 65% 
humidity and 25°C, according to previously established protocols (Bass et al, 2007). 
Drosophila melanogaster larvae were reared at standard density in 200ml glass bottles 
containing 70ml of standard sugar/yeast (SY) food prepared as described above. 
Procedures for lifespan studies were as described in Clancy et al (2001) and Mair et al, 
(2003). Flies emerged over 24h and were tipped into fresh bottles and allowed 48h to mate. 
Females were then separated from males under light CO2 anaesthesia and randomly 
allocated to different treatments at a density of 10 flies per vial. Flies were transferred to 
fresh food medium three times a week and deaths scored at least every two days. 
Food media: Standard lab food (2SY) for flies was prepared using 200g lyophilized yeast, 
50g sugar and 15g agar per litre. After boiling all components together, preservatives were 
added and food dispensed into glass vials.  
On the days of sampling, five flies per vial were transferred to eppendorf tubes without 
anaesthesia and the tube plunged into liquid nitrogen. Flies were sampled and then stored 
at -80°C at regular intervals throughout the experiments. Sampling regimes are provided 
by conditions below.  
 
2.1.1 Control culture conditions 
Control cohorts of both male and female flies were cultured on standard lab food media 
(2SY) at 25°C as mentioned above. 
 
2.1.1.1 Environmental interventions 
a) Dietary restriction: Dietary restricted flies were cultured as described in section 2.1 on 
food medium (1SY) containing 100g lyophilized yeast, 50g sugar and 15g agar per litre.  
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b) Temperature: Normal control cohorts were cultured at 25°C as described above 
(section 2.1) and long lived low temperature cohorts at 18°C.  
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Sex Temperature (°C) Media Age at sampling (days) DR  
Female 25 2SY 7, 14, 21, 35, 49, 63 No 
25 1SY 7, 14, 21, 35, 49, 63 Yes 
18 1SY 7, 14, 21, 35, 49, 63, 77, 
91, 105, 119, 133, 147 
Yes 
 
Male 25 2SY 7, 14, 21, 35, 49, 63 No 
25 1SY 7, 14, 21, 35, 49, 63 Yes 
18 1SY 7, 14, 21, 35, 49, 63, 77, 
91, 105, 119, 133 
Yes 
 
 
 
Table 2.1: Sampling regime for the study of environmental interventions on 
 lifespan of male and female Drosophila melanogaster.  
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2.1.1.2 Genetic interventions 
Two single gene mutations were carried out in the IIS (Insulin/IGF signalling) pathway in 
female Drosophila melanogaster: Alterations in the median neurosecretory cells (mNSC) 
and insulin receptor (InR) were used to produce long lived cohorts with suitable vector 
only controls. 
a) Transgenic mNSC ablated flies: The transgenic mNSC ablated flies were constructed 
as described (Broughton et al, 2005). Briefly, for median neurosecretory cells (mNSC) 
ablated flies, combination of a driver (DILP2 promoter driving expression of the yeast 
GAL4 transcription factor) and a gene to be driven (in this case reaper which was cloned 
downstream of a promoter containing GAL4 binding sites) was used. The effect is that 
expression of reaper (a pro-apoptotic gene) occurs at normal sites of DILP2 expression and 
ablates the expressing cells. Ablation of mNSC‟s thus results in higher circulating glucose 
levels in the organism (Broughton et al, 2005) with altered metabolism and hence a likely 
increase in the rate of glycation.   However, mNSCs play a complex role in organismal 
physiology, nutrition and sleep (akin to the hypothalamus in mammals) and ablation of 
these cells will not effect glucose metabolism alone (Broughton et al, 2010) . 
The control whitedahomey stock was derived by backcrossing w1118 into the outbred wild type 
dahomey background. Upstream activating sequence (UAS)-reaper (rpr) and dilp2-GAL 
were backcrossed into wDah five times.  
b) Transgenic insulin receptor flies: The insulin receptor mutated flies were produced as 
described (Ikeya et al, 2009). A brief summary of the protocol is as follows: A ubiquitous 
driver (daughterless) was used to drive GAL4 expression. In the same fly, a mutated 
insulin receptor gene was cloned downstream of GAL4 TF binding sites (UAS-InRDN). 
This genetic intervention drives mutated insulin receptor expression throughout the fly. 
The fly stock, UAS-dInRA1409K was obtained from the Bloomington Drosophila Stock 
Centre (BDSC). The UAS-InRDN transgene is responsible for the dominant negative 
activity of Drosophila melanogaster insulin receptor via an amino acid substitution in its 
kinase domain. The whiteDahomey background stock was the same as already described 
(Broughton et al, 2005). The ubiquitous driver (daughterless) was backcrossed into wDah 
five times. Mutation of the insulin receptor in this way results in a range of IIS related 
phenotypes including decrease in size and lifespan extension (Ikeya et al, 2009). However, 
it is not physically possible to perform glucose tolerance tests on these organisms to 
formally demonstrate a diabetic state.  
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For genetic interventions fly stocks were maintained and experiments were conducted as 
described in section 2.1.1 by using standard lab food media.  
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Fly culture Temperature (°C) Media Age at sampling (days) DR 
mNSC ablated 25 2SY 7, 21, 35, 49, 63, 77 No 
Control (rpr/+) 25 2SY 7, 21, 35, 49, 63 No 
InRDN 25 2SY 7, 21, 35, 49, 63, 77, 91 No 
Control (daught/+) 25 2SY 7, 21, 35, 49, 63 No 
 
Table 2.2: Sampling regime for the study of genetic interventions on lifespan of female 
Drosophila melanogaster.  
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2.1.2 Experimental design: environmental interventions 
The objectives of the initial part of project were to study the effects of temperature, 
nutrients and sex on chemical changes occurring with age on Drosophila melanogaster, 
whilst ensuring the fly numbers did not became unmanageable and this altered some 
aspects of experimental design. These variables have been shown to act independently 
(Bass et al, 2007). It was possible to study the variables simultaneously with only six 
cohorts. In each case a control was included at standard lab food (2SY) and temperature 
(25°C). 
The six cohorts were: 
1. Females cultured on dietary restricted food (1SY) at low temperature 18
°
C (F/18/1SY). 
2. Females cultured on dietary restricted food (1SY) at normal temperature 25°C 
(F/25/1SY). 
3. Control cohort of females cultured on standard lab food (2SY) at normal temperature 
25
°
C   (F/25/2SY).  
4. Males cultured on dietary restricted food (1SY) at low temperature 18
°
C (M/18/1SY). 
5. Males cultured on dietary restricted food (1SY) at normal temperature 25
°
C 
(M/25/1SY). 
6. Control cohorts of males cultured on standard lab food (2SY) at normal temperature 
25
°
C (M/25/2SY). 
These cohorts were cultured in two groups, first group included 1, 2, 3 and 5a and the 
second group included 4, 5b and 6. The cohorts 5a and 5b means male flies (M/25/1SY) 
were cultured in duplicate allowing some evaluation of the comparability of experiments 
conducted on flies cultured at different times. 
This design allowed the investigation of the effects of variables as below: 
1. Female flies vs male flies. 
2. Dietary restricted flies vs fully fed flies. 
3. Flies cultured at low temperature vs flies cultured at normal temperature.   
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2.1.3 Experimental design: genetic interventions 
Insulin-IGF signalling appears to be an evolutionary conserved pathway influencing 
healthy lifespan (Broughton and Partridge, 2009). Significant lifespan extension is 
observed in genetically altered flies. Two particular genetic interventions were examined 
with matched vector only controls.  
The four cohorts for the investigation of the effects of genetic interventions were as 
follows: 
1. Median neurosecretory cells ablated flies (ablated). 
2. Normal pro-apoptotic reaper gene control flies (rpr/+). 
3. Insulin-receptor dominant negative mutant flies (InRDN).  
4. Daughterless driver positive control (Daught/+).  
This allowed the following comparison 
1. Flies with partial mNSC ablation vs undriven reaper gene control and normal control 
flies (F/25/2SY). 
2. Insulin-receptor mutated flies vs daughterless control and normal control flies 
(F/25/2SY).   
 
2.1.4 Sample preparation method selection 
Due to the much smaller size of individual Drosophila melanogaster relative to 
mammalian samples, whole flies were selected as the most appropriate for this study. As it 
was uncertain that which tissue was most susceptible for the accumulation of age related 
compounds, dissection was an inappropriate choice. There were no previously established 
protocols to analyse Drosophila melanogaster using standard analytical chemistry 
techniques. Early experiments with enzymatic digestion, based on the methods of Oudes et 
al (1998) resulted in extraneous and confounding spectroscopic signals from the trypsin 
present (Appendix 1), and therefore would have necessitated additional purification steps. 
Since the project was intended to detect and observe the broadest possible range of stable 
compounds, some of which might be as yet unknown, sample preparation steps had to be 
kept to a minimum. Acid digestion was therefore used as the method of choice to carry out 
the digestion of whole flies. This preparation method has been used for the analysis of 
AGEs (Graham, 1996). Although this method may involve the loss of less stable AGEs or 
other compounds, our principal interest was in studying stable adducts, and thus this was 
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not held to be a confounding problem. Moreover, this sample preparation protocol was 
advantageous for immediate fluorescence spectrophotometry and NMR spectrometry. A 
simple desalting step was found to be necessary for mass spectrometry. The methods 
described in the following sections represent optimised protocols that met our criteria for 
the isolation of stable compounds with minimal steps, and were used throughout.  Initial 
developmental work was conducted using HPLC but this proved unduly challenging and 
was abandoned.  
 
2.1.5 Standard solutions  
 
i) 6M HCL  
500 ml of 11.65M HCl was made up to a total volume of 1 litre volume with ultra pure 
water. 
 
ii) 6M NaOH 
24g of solid NaOH was dissolved in a minimum amount of ultra pure water and then made 
up to a total volume of 100ml volume with ultra pure water. 
 
iii) 0.05M Phosphate buffer pH=8 
6.80g of potassium dihydrogen orthophosphate was dissolved in approximately 900 ml of 
ultra pure water. The pH was adjusted to pH 8 by using a strong acid/base. The volume 
was made up to 1 litre by adding ultra pure water. 
 
iv) 1% Phenylalanine 
A stock solution of 5% phenylalanine was prepared by dissolving 5g of phenylalanine in 
100 ml D2O.  This was diluted fivefold with D2O to give a 1% working solution. 
 
v)  0.1% glacial acetic acid in acetonitrile 
To 100µl of glacial acetic acid, was added acetonitrile to a total volume of 100ml. 
 
vi)  Positive tune mixture dilution 
A positive tune mixture for  mass spectroscopy was diluted using acetonitrile by mixing 1 
part of tune mix to 60 parts acetonitrile.   
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vii) 0.001% 3-(trimethylsilyl) propionic-2, 2, 3, 3-D4 acid, sodium salt (TMS) 
TMS salt solution was prepared by weighing 0.001g of salt on an analytical balance and 
diluted with D2O to a final volume of 100ml. 
 
Viii) 2.5% stock trifluoroacetic acid (TFA) 
To 2.5g of trifluoroacetic acid was added HPLC grade ultra pure water to a total volume of  
100ml. This stock solution was diluted to achieve the required concentration in samples. 
 
2.1.6 Flies sample preparation 
A batch of five flies were defrosted and weighed on analytical balance. After weighing the 
flies were transferred to a macerator (Fisher homogeniser mini boro glass, 1.00 ml) and 
homogenised with drop wise addition of 0.5cm
3
, 6M HCl. The homogenised fly samples 
were then placed in 5ml Reacti-Vials™, degassed with nitrogen, sealed and heated to 
100°C for 18h in Reacti-Therm™ dry bath. Each batch of digests included a blank which 
was treated to the same conditions as sample but contained no flies.  
The acid-hydrolysed samples were then neutralized with 0.5cm
3
 6M NaOH, and pH was 
checked with litmus paper. A syringe driven filter unit (0.45µm) was used to remove chitin 
and insoluble debris. Clear samples were warmed at 40°C for evaporation under a constant 
stream of nitrogen in Reacti-Therm™ dry bath. After evaporation the residue was 
redissolved in a minimum volume of D2O containing 0.001% TMS salt (600µl) and stored 
at -20°C until required for further analysis. Preliminary spectroscopic experiments were 
undertaken and confirmed the stability of frozen digests over lengthy periods with no 
change in the resulting spectra.  
 
2.2 3D Fluorimetry 
In a plastic cuvette a sample (50-300µl) of acid hydrolysate was made up to 3ml with 
0.05M pH8 phosphate buffer. The resulting sample solution was subjected to UV 
absorbance spectroscopy ranging from 200-800 nm. Significant absorbance was only 
observed in the range of 280-500nm, therefore this range was selected for the three 
dimensional fluorimetry experiments. Two dimensional scans of excitation wavelength 
300-500nm and emission wavelength 400-600nm were recorded at 10nm intervals. 
Doubling dilutions were used to check linearity of response. Signals due to Rayleigh 
scattering were excluded from the presented data for clarity.  
The blank sample was used to zero the instrument in each case.  
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2.3 
1
H NMR spectrometry  
1
H NMR spectrometry protocol was established after multiple trials to ensure 
reproducibility of spectra. Undiluted D2O solutions of acid hydrolysed samples were 
analysed using a Brüker Avance 360MHz NMR spectrometer. Conditions (including water 
suppression) were set to ensure comparability of spectra. 128 scans were sufficient for well 
resolved peaks. Samples were subjected to 
1
H NMR spectrometry with TMS salt (3-
(trimethylsilyl) propionic-2, 2, 3, 3-D4 acid, sodium salt) acting as both a qualitative and 
quantitative internal standard. 0.001% TMS salt gave an appropriate signal ratio as 
compared to signals from the digests. The chemical shift of TMS signal was corrected to 
0.00ppm to keep all the samples on same scale. The proton NMR spectra of whole fly acid 
digests were examined for differences in the peak areas, chemical shift and any correlation 
into the age and cohort conditions of the flies used.  
 
2.3.1 2D-NMR spectrometry 
Undiluted acid hydrolysed samples in D2O were subjected to 2D 
1
H-
1
H correlation 
spectrometry on a Brüker Avance 360MHz NMR spectrometer. An increased number of 
scans were taken to get more distinct spectra for comparison. Peaks which showed 
coupling were recorded by cluster and presented and evaluated in results and discussion 
sections respectively. 
 
2.4 Mass spectrometry 
Sample preparation for Mass Spectrometry proved to be somewhat challenging. Whilst 
there is a significant literature on the use of mass spectrometry to measure the mass of 
AGEs and other glycated and nonglycated macro molecules (Schmitt et al, 2005) (Lapolla 
et al, 2006) (see section 1.8.3), no work has been conducted on whole Drosophila 
melanogaster. To prepare the samples for mass spectrometry, the protocol mentioned in 
section 2.1.5 has to be extended to remove excess salt from samples, as it was giving rise 
to interfering signals (Zhang and Cooks, 2000). Phenylalanine was introduced as internal 
standard both as a molecular weight and relative quantification. Where the Phenylalanine 
signals were unduly weak samples were reanalysed. A range of concentrations (0.01% to 
0.05%) of phenylalanine solution in acid digests was examined to find the best linear 
response on MS. After multiple trials 0.03% phenylalanine was selected for use in all 
experiments. Formic acid was also added to maintain an acidic pH and prevent the 
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precipitation of samples. 0.3% Formic acid was found to be most appropriate to avoid the 
precipitation of samples in the ionisation chamber without interfering with the signals of 
compounds of interest.  
SPME desalting procedure: After filtration to remove chitin and debris the clear samples 
were further purified by C18 solid phase micro extraction (SPME). The protocol used was 
as follows: 
67µl of neutralised fly digest, 3µl of 1% (w/v) Phenylalanine stock solution and 30µl of 
1% (v/v) Formic acid stock solution were mixed to prepare a 100µl sample for purification 
(the standard volume required for a C18 cartridge). 
All experiments were conducted with Omix micropipette SPME tips. A 100µl pipette tip 
was wetted by aspirating and discarding a 50% (v/v) acetonitrile/D2O solution twice. 
Equilibration was achieved by repeatedly aspirating and discarding 0.1% (v/v) TFA 
solution. The digested solution sample was then aspirated and dispensed into an SPME tip 
up to 10 times for improved sample binding. After adsorbing the sample, the tip was rinsed 
with 0.1% (v/v) TFA solution twice. Elution was achieved with 0.1% (v/v) glacial acetic 
acid in a 95% (v/v) acetonitrile solution and pure sample was dispensed into a MS sample 
vial. The washing obtained from SPME tips was also analysed on MS to ensure minimal 
sample loss. 
Mass Spectrometry: The samples were analysed using a Brüker micrOTOF Mass 
spectrometer in positive ion mode. The instrument was cleaned before and after running 
each sample to minimise background signals. A positive tune mixture was used for internal 
calibration of the instrument, and was run for two minutes immediately after running the 
acid hydrolysate for 3 minutes. The scan range was 50 m/z to 1500 m/z.  Nitrogen gas was 
used as a desolvation gas with flow rate of 4L/min at 190
°
C. The capillary voltage was 
4.5kV, the nebuliser pressure was 0.4bar and the detector voltage was 1200V.  
Standardisation was achieved by dividing the signals obtained using the mass spectrometer 
by the intensity of the respective internal standard. The accurate masses of consistently 
appearing signals were measured at high resolution on micrOTOF MS to generate the 
molecular formulae. Mass Spectrometric peak lists for all signal intensities >100 and 
S/N>5% were exported, and the graphs of relative mass spectrometric intensity versus age 
for all consistently appearing m/z were generated.   
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2.4.1 MS/MS analysis 
The repeatedly observed signals on MS were selected for inter sample comparison. 
Tandem mass spectrometry was conducted on ions of interest using a Brüker High 
Capacity ion Trap having Helium gas pressure of 4x10
-6
mbar. Capillary exit was 127.5 
Volt with positive ion polarity. The scan range was 50m/z to 500m/z. 
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RESULTS 
 
3.1 Survivorship of Drosophila melanogaster 
Normal and transgenic Drosophila melanogaster were reared in batches, at the Institute of 
Healthy Ageing, University College London. Aliquots of five flies were taken at regular 
time intervals from all types of samples as shown in figures. The survival curves of 
Drosophila melanogaster under different environmental conditions and genetic 
interventions are shown in figures 3.1-4. 
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Figure 3.1: Cumulative survival curve of female Drosophila melanogaster with age 
(days), supplied by The Institute of Healthy Ageing, University College London.  A= 
F/18/1SY (18°C with 1SY food- low temperature and dietary restriction). B= F/25/1SY 
(25°C with 1SY food- normal temperature and dietary restriction). C= F/25/2SY (25°C 
with 2SY food-control group cultured under standard conditions). The error bars and gray 
lines indicate 95% confidence interval and sampling time points respectively. 
The changes observed in mean (m) Median (md) and maximum (mx) lifespans (days) is as 
follows: F/25/2SY, m= 50.8, md= 48.2, mx= 72; F/25/1SY, m=61.7, md= 59.5, mx= 76.0; 
F/18/1SY, m= 117.8, md= 126.2, mx= 147. The P value observed for log rank test is 8.02 x 
10
-101
. Both temperature and DR has remarkable effect on lifespan extension.  
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Figure 3.2: Cumulative survival curve of male Drosophila melanogaster with age (days), 
supplied by The Institute of Healthy Ageing, University College London. A= M/25/1SY 
(25°C with 1SY food- normal temperature and dietary restriction). B= M/25/2SY (25°C 
with 2SY food-control group cultured under standard conditions). C= M/18/1SY (18°C 
with 1SY food- low temperature and dietary restriction). The error bars and gray lines 
indicate 95% confidence interval and sampling time points respectively.  
The changes observed in mean (m) Median (md) and maximum (mx) lifespans (days) is as 
follows: M/25/2SY, m= 48.9, md= 48, mx= 60; M/25/1SY, m=50.7, md= 50.1, mx= 63; 
M/18/1SY, m=99.2, md= 101.5, mx= 132. The P value observed for log rank test is 4.27 x 
10
-197
. Both temperature and DR has remarkable effect on lifespan extension.  
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Figure 3.3: Cumulative survival curve of female Drosophila melanogaster with age 
(days), supplied by The Institute of Healthy Ageing, University College London. Blue= 
daught/+ (daughterless driver +ve control), Red= InRDN (Insulin receptor dominant 
negative) flies. These flies cultured under normal food media (1SY) and at normal 
temperature (25°C). The error bars and gray lines indicate 95% confidence interval and 
sampling time points respectively. 
The changes observed in mean (m) Median (md) and maximum (mx) lifespans (days) is as 
follows:  daught/+, m= 54.9, md= 55, mx= 74; InRDN, m=69.8, md= 76.1, mx= 91. The P 
value observed for log rank test is 1.47 x 10
-43
. The mutation in insulin receptor has 
remarkable effect on lifespan extension.  
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Figure 3.4: Cumulative survival curve of female Drosophila melanogaster with age (days) 
points, supplied by The Institute of Healthy Ageing, University College London. Blue= 
rpr/+ (reaper transgenic control), Red= mNSC-ablated (median neurosecretory cells 
ablation) flies. These flies cultured under normal food media (1SY) and at normal 
temperature (25°C). The error bars and gray lines indicate 95% confidence interval and 
sampling time points respectively. 
The changes observed in mean (m) Median (md) and maximum (mx) lifespans (days) is as 
follows: rpr/+, m= 40.4, md= 38.5, mx= 57; ablated, m=60.9, md= 59.5, mx= 88. The P 
value observed for log rank test is 3.96 x 10
-51
. The ablation of DILP2 has remarkable 
effect on lifespan extension.  
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3.2 3D Fluorimetry 
Typical 3D Fluorimetric spectra of acid digests of Drosophila melanogaster are shown 
below. In the control groups the signals increased in intensity with age. These data are the 
initial fluorimetric data obtained with control flies (25/2SY) cultured under normal 
conditions (25°C and normal food).   
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Figure 3.5: Fluorimetric spectra excitation= 300-500nm emission= 400-600nm. Each 
graph was generated from a single acid digest. Maximum wavelength (Ex.360nm, Em.440nm) 
shows no shift in wavelength but increases in intensity with age. The signals were 
normalised for total weight of flies and volume of sample. Every other wavelength is 
omitted for the clarity of graphs. 
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Excitation360nm and emission440nm was selected for further evaluation as this wavelength 
consistently showed the overall maximum fluorescent intensity, regardless of age and 
culture conditions of Drosophila melanogaster.   
All samples of flies were subjected to 3D fluorimetry. Graphs of the intensity maxima 
(exitations360nm and emission440nm) were plotted against age of flies and are presented in 
figures 3.6-7. Each data point has generated from a pooled digest of n=5 individual flies, 
and is corrected for flies weight and sample volume. The lines of best fit were generated by 
linear regression. Slope, intercept and P values for the statistical probability that the 
slope≠0 are shown in tables along with respective graphical illustration. 
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Figure 3.6: Fluorimetric analysis of environmental interventions on fly samples at 
excitation360nm and emission440nm. A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= 
M/25/2SY, E= M/25/1SY, F= M/18/1SY. Each graph represents a single sample point 
(n=5 flies/data point).  
 
*Significant P value  
Table 3.1:  Statistical values for data shown in figure 3.6 on fluorescence spectrometry 
Samples Slope 
(Intensity/fly/ml/day) 
Y-intercept 
(Intensity/fly/ml) 
P value  
(Relative intensity/day) 
F/25/2SY  (A) 0.5993 ± 0.2303 23.86 ± 9.872 0.0353* 
F/25/1SY  (B) 0.1723 ± 0.2636 19.93 ± 9.794 0.5492 
F/18/1SY  (C) -0.04718 ± 0.06635 43.07 ± 5.649 0.4933 
M/25/2SY (D) 0.2388 ± 0.2268 50.07 ± 6.659 0.3695 
M/25/1SY (E) 0.2858 ± 0.08706 54.04 ± 3.234 0.0304* 
M/18/1SY (F) -0.09696 ± 0.1022 62.34 ± 7.875 0.3674 
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Figure 3.7: Fluorimetric analysis of genetic interventions on fly samples at excitation360nm 
and emission440nm. G= ablated, H= rpr/+, I= InRDN, J= daught/+. Each graph represents a 
single sample point (n=5 flies/data point).  
 
*Significant P value 
 
Table 3.2.  Statistical values for data shown in figure 3.7 on fluorescence spectrometry. 
 
 
Samples Slope 
(Intensity/fly/ml/day) 
Y-intercept 
(Intensity/fly/ml) 
P value  
(Relative intensity/day) 
Ablated   (G) 0.1845 ± 0.06170 13.88 ± 2.982 0.0403* 
rpr/+        (H) -0.08386 ± 0.2577 28.62 ± 8.266 0.7757 
InRDN    (I) -0.03403 ± 0.05727 26.10 ± 3.232 0.5783 
daught/+ (J) -0.1371 ± 0.07141 20.33 ± 2.871 0.1506 
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3.3 
1
H NMR spectrometry  
Proton Nuclear magnetic resonance spectroscopy provides a comprehensive representation 
of changes in signals due to stable organic compounds with ageing. Eleven clusters were 
reproducibly observed in all types of samples. Chemical shift was referenced to 3-
(trimethylsilyl) propionic-2, 2, 3, 3-D4 acid, sodium salt (0.00ppm), as an internal 
standard. Both qualitative and quantitative analysis of the clusters was conducted, data 
obtained is presented here and detailed comments are provided in the discussion chapter 
(section 4.3.2). The area under each cluster was calculated after calibrating whole spectra 
with TMS peak area set to 1.00.  Graphs were plotted of area under clusters against age 
(days) and represented in appendix 2. These clusters correspond to the signals produced by 
proton containing compounds left after digestion. 
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Figure 3.8: A typical 360MHZ proton NMR signals from acid digest sample of 
Drosophila melanogaster. The figure represents all significant signals along with labelling 
of 11 clusters, whose integrals were used in the subsequent trend analysis.  
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Figure 3.9: Cluster analysis of the effect of environmental interventions in the area under 
1
H NMR peak clusters 1-11 for the female flies (A= F/25/2SY, B= F/25/1SY, C= 
F/18/1SY). Each data point was generated by plotting the integral for one of eleven 
selected clusters against time and generating the line of best fit by unweighted regression. 
The resultant slopes and Y-intercept, together with their associated errors were then plotted 
on the x and y axis respectively.  
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Figure 3.10: Cluster analysis of the effect of environmental interventions in the area under 
1
H NMR peak clusters 1-11 for the male flies (D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY). Each data point was generated by plotting the integral for one of eleven 
selected clusters against time and generating the line of best fit by unweighted regression. 
The resultant slopes and Y-intercept, together with their associated errors were then plotted 
on the x and y axis respectively.  
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Figure 3.11: Cluster analysis of the effect of genetic interventions in the area under 
1
H 
NMR peak clusters 1-11 for the female flies (G= ablated, H= rpr/+, I= InRDN, J= 
daught/+). Each data point was generated by plotting the integral for one of eleven selected 
clusters against time and generating the line of best fit by unweighted regression. The 
resultant slopes and Y- intercept, together with their associated errors were then plotted on 
the x and y axis respectively.  
-0.40 -0.15 0.10
-10
10
20
30
40
G
Cluster 
Number 
Slope / area under cluster.day -1 Intercept / area under cluster  
Value S y/x  Value Error  
1 -0.064690  0.030610  20.52 1.479  
2 -0.007980  0.006350  2.893 0.3069 
3 -0.022570  0.019330  8.101 0.934  
4 -0.014310  0.015080  6.256 0.7287 
5 -0.003939  0.018530  6.174 0.8954 
6 -0.079410  0.034050  14.8  1.645  
7 -0.068490  0.023880  11.49 1.154  
8 -0.007878  0.002712  1.604 0.131  
9 -0.008673  0.009117  3.803 0.4406 
10 -0.220900  0.093630  32.45 4.525  
11 -0.021290  0.014500  3.506 0.701  
 
Slope
In
te
rc
e
p
t
-0.40 -0.15 0.10
-10
10
20
30
40
H Cluster 
Number  
Slope / area under cluster.day -1 Intercept / area under cluster  
Value  S y/x  Value Error  
1 -0.071210  0.071470  21.530000  2.8740  
2 -0.004714  0.019130  3.039000  0.7693  
3 -0.027290  0.037080  8.561000  1.4910  
4 -0.022360  0.037250  7.065000  1.4980  
5 -0.037210  0.044170  7.605000  1.7760  
6 -0.092790  0.047030  12.430000  1.8910  
7 -0.058790  0.049850  8.050000  2.0040  
8 -0.0007143  0.031160  1.465000  1.2530  
9 -0.005357  0.043940  3.774000  1.7670  
10 -0.134800  0.093890  26.600000  3.7760  
11 -0.015640  0.025580  3.588000  1.0290  
 
Slope
In
te
rc
e
p
t
-0.40 -0.15 0.10
-10
10
20
30
40
I Cluster Number 
Slope / area under cluster.day -1 Intercept / area under cluster  
Value S y/x  Value Error 
1 -0.033040 0.036930 13.850000  2.0840 
2 0.003929 0.004033 1.636000 0.2276 
3 -0.011050 0.010850 5.421000 0.6125 
4 0.004515 0.006938 3.490000 0.3916 
5 0.008087 0.010230 2.877000 0.5775 
6 -0.040990 0.018280 8.830000 1.0310 
7 0.002832 0.021650 3.921000 1.2220 
8 0.001607 0.005905 0.312700 0.3332 
9 0.007806 0.007197 0.733200 0.4061 
10 -0.058370 0.029550 17.170000  1.6680 
11 -0.007041 0.007461 1.013000 0.4543 
 
Slope
In
te
rc
e
p
t
-0.40 -0.15 0.10
-10
10
20
30
40
J Cluster 
Number 
Slope / area under cluster.day -1 Intercept / area under cluster  
Value S y/x  Value Error  
1 -0.061430  0.032580  20.290000  1.3100 
2 -0.013570  0.015290  3.455000  0.6148 
3 -0.045500  0.016130  9.829000  0.6486 
4 -0.025570  0.012760  7.823000  0.5130 
5 -0.017290  0.007075  7.305000  0.2845 
6 -0.055210  0.035650  13.270000  1.4330 
7 -0.032290  0.030080  9.786000  1.2100 
8 -0.008643  0.013030  2.113000  0.5240 
9 0.007357  0.011100  3.653000  0.4465 
10 -0.059140  0.032280  29.350000  1.2980 
11 -0.0007143  0.010690  3.325000  0.4297 
 
Slope
In
te
rc
e
p
t
85 
 
cl
us
te
r1
1
cl
us
te
r1
0
cl
us
te
r 
9
cl
us
te
r 
8
cl
us
te
r 
7
cl
us
te
r 
6
cl
us
te
r 
5
cl
us
te
r 
4
cl
us
te
r 
3
cl
us
te
r 
2
cl
us
te
r 
1
-0.2
-0.1
0.0
0.1
0.2 A
ppm
R
a
te
 o
f 
c
h
a
n
g
e
 o
f 
a
re
a
 u
n
d
e
r 
e
a
c
h
 c
lu
s
te
r 
w
it
h
 a
g
e
(d
a
y
s
)
cl
us
te
r1
1
cl
us
te
r1
0
cl
us
te
r 
9
cl
us
te
r 
8
cl
us
te
r 
7
cl
us
te
r 
6
cl
us
te
r 
5
cl
us
te
r 
4
cl
us
te
r 
3
cl
us
te
r 
2
cl
us
te
r 
1
-0.2
-0.1
0.0
0.1
0.2 B
ppm
R
a
te
 o
f 
c
h
a
n
g
e
 o
f 
a
re
a
 u
n
d
e
r 
e
a
c
h
 c
lu
s
te
r 
w
it
h
 a
g
e
(d
a
y
s
)
cl
us
te
r1
1
cl
us
te
r1
0
cl
us
te
r 
9
cl
us
te
r 
8
cl
us
te
r 
7
cl
us
te
r 
6
cl
us
te
r 
5
cl
us
te
r 
4
cl
us
te
r 
3
cl
us
te
r 
2
cl
us
te
r 
1
-0.2
-0.1
0.0
0.1
0.2
C
ppm
R
a
te
 o
f 
c
h
a
n
g
e
 o
f 
a
re
a
 u
n
d
e
r 
e
a
c
h
 c
lu
s
te
r 
w
it
h
 a
g
e
(d
a
y
s
)
 
 
 
Figure 3.12:  Histograms of the effect of environmental interventions in the area under 
1
H NMR peak clusters 1-11 for the female flies (A= F/25/2SY, B= F/25/1SY, C= 
F/18/1SY). Each bar graph represents the rate of change of area under each cluster (slope) 
with age (days) normalised for the size of initial value (intercept).  
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Figure 3.13: Histograms of the effect of environmental interventions in the area under 
1
H 
NMR peak clusters 1-11 for the male flies (D= M/25/2SY, E= M/25/1SY, F= M/18/1SY). 
Each bar graph represents the rate of change of area under each cluster (slope) with age 
(days) normalised for the size of initial value (intercept). 
(*Significant P value, *: p<0.05, **: p<0.01, ***: p<0.001). 
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Figure 3.14: Histograms of the effect of genetic interventions in the area under 
1
H NMR 
peak clusters 1-11 for the female flies (G= ablated, H= rpr/+, I= InRDN, J= daught/+). 
Each bar graph represents the rate of change of area under each cluster (slope) with age 
(days) normalised for the size of initial value (intercept). 
(*Significant P value, *: p<0.05).  
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Figure 3.15: The covariation analysis for both female and male Drosophila melanogaster, 
for the all 11 clusters under the effect of environmental interventions (A= F/25/2SY, B= 
F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= M/18/1SY). Each bar graph 
was plotted to represent the rate of change in the concentrations of proton containing 
compounds present in the acid digests by dividing the slope by the intercept. Error bars 
were calculated by using (% error slope/intercept)
2
 = (%error slope)
2
 + (% error intercept)
2
.   
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Figure 3.16: The covariation analysis for female Drosophila melanogaster, for the all 11 
clusters under the effect of genetic interventions (G= ablated, H= rpr/+, I= InRDN, J= 
daught/+). Each bar graph was plotted to represent the rate of change in the concentrations 
of proton containing compounds present in the acid digests by dividing the slope by the 
intercept. Error bars were calculated by using (% error slope/intercept)
2
 = (%error slope)
2
 + 
(% error intercept)
2
.     
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Figure 3.17: A typical 2D NMR spectrum of acid hydrolysed flies to show which 
clusters are coupling as identified by 
1
H – 1H 2D NMR.  
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3.4 Mass spectrometry 
The typical mass spectra of an acid digest of Drosophila melanogaster were obtained and 
displayed in figures. Figure 3.18 shows a mass spectrum of acid hydrolysed Drosophila 
melanogaster sample showing high interfering salt associated signals (above 600m/z). The 
digest specific signals are more obvious in figure 3.19 (below 400m/z) after salt removal 
with C18 solid phase micro extraction. 
Samples of acid digested flies were subjected to mass spectrometry. All signals with 
significant intensity (S/N>5) are selected and standardised by Phenylalanine (m/z=166). 
Representative signals were selected at regular and specific m/z for inter-sample 
comparison. Graphs of the intensity were plotted against age of flies (days) for each m/z 
and presented in appendix 3.  The lines of best fit were generated by linear regression. 
Slope, intercept and P values for the statistical probability that slope≠0 are shown in tables 
along with respective graphical illustration. 
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Figure 3.18:  Typical mass spectrum of acid digest of fruit flies prior to desalting. 
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Figure 3.19:  Typical mass spectrum of desalted acid digest of fruit flies. 
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3.4.1 High Resolution Mass Spectrometry 
From each molecular ion, 1.00783 was subtracted, on the assumption that most ions 
generated by ESI will represent (M+H)
+
 (none of the fragmentation experiments indicated 
the presence of sodium adducts). The resulting mass was entered into http://www-
jmg.ch.cam.ac.uk/tools/magnus/EadFormW.html molecular formula predictor, using 
“chemical check” and “CHN only” flags.  Removal of the “CHN only” flag generated too 
many spurious formulae to be useful. 
Where pairs of ions are separated by a mass close to 1.00783 it is possible that the lower 
m/z ion represents M
+
 and the other (M+H)
+
 but both ions were still used for search of 
formulae. The closest molecular formula was then entered into the SpresiWeb “molecule” 
search (Final access date 7/9/2010), to generate potential chemical structures.  These were 
then examined for common features, and these are reported below.  Where there were 
several good matches more than one was evaluated. Formulae that returned no known 
compounds were not retained.   
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HR-MS 
m/z actual 
 m/z – 
1.00783 
Nearest 
probable 
formula 
Calculated 
formula 
Accuracy Hits  Possible Structures/Comments 
132.14416 131.13633 C6H17N3 131.1417   0.00537 19 All saturated triamines. 
C7H17NO 131.13046   0.00586   24 All saturated alcohol/ether, and 
amines. 
148.93337 147.92554 C4H4O6 148.00024   0.07469*  16 Dicarboxy diols, including 
tartrate 
174.96823 173.96040 C4H2N2O6 173.99074   0.03034*  1 
 
*No very close formula matches suggest other elements are likely to be present, or the ion is not (M+H)+. 
 
Table 3.3a: Chemical formulae and proposed chemical structures obtained from mass 
spectrometric analysis. 
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HR-MS 
m/z actual 
 m/z – 
1.00783 
Nearest 
probable 
formula 
Calculated 
accurate 
mass 
Accuracy Hits  Possible Structures/Comments 
175.97152 174.96369 C5H5NO6 175.01114   0.04291* 1 
 
 
187.04216 186.03433 C11H6O3 186.03114   0.00318 24 Benzopyranones and furanones 
231.15843 Not used C10H21N3O3 231.15775 0.00068 21 2° Amides and carboxyamino 
acids. 
232.19793 231.19010     Results and MS/MS suggest 
protonated form of 231.15843. 
Assessed in combination. 
284.29490 283.28707 C18H37NO 283.28696   1.036x10
-4
 60 C18 amides – could be C18 
SPME contaminant? 
341.25656 340.24873 C17H32N4O3 340.2469   0.0018375 8  Saturated cyclic amines with 
multiple amides present. 
C22H32N2O 340.25092   0.002185 106 Wide variety of cyclic compounds 
393.06039 392.05256 C21H12O8 392.05267   1.0889x10
-4
   1 
 
426.29172 425.28389 C29H35N3 425.28256   0.00134 10 Diverse aromatic amines, with 
long chain hydrocarbons. 
C24H35N5O2 425.27853   0.00536 75 Aromatic and amidic compounds 
*No very close formula matches suggest other elements are likely to be present, or the ion is not (M+H)+. 
Table 3.3b: Chemical formulae and proposed chemical structures obtained from mass 
spectrometric analysis. 
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3.4.2 MS/MS analysis 
Tandem mass spectrometric analysis was conducted to fragmentise the selected signals 
observed on MS. The ions of interest were trapped and fragmented into daughter ions. 
Signals were selected for inter-sample comparison.  Not all the parent ions from table 
3.4.11 are shown in MS/MS analysis due to less intensity of being trapped and 
fragmentising on MS/MS.  The sequence of fragmentation (m/z) observed is shown in the 
table 3.4. 
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Parent ion (m/z) Daughter ions (m/z)  
166.114            27 
120              93 
168.00           15              41 
120             105               64 
175.00           46                42  
155             109                67 
176.00           35.3    
116               80.7  
177.00             44.9 
135.9             91 
182.00           41.1 
123               81.9 
209.2 69.2 
231.00           99 
185              86 
232.2          99               16.3 
185            86              69.7 
307.0          142                  41               41 
288            146              105                64 
327.0         105                 41 
210            105             64 
426.2            49 
136              87 
443.6          141 
210             69 
 
Table 3.4:   Tandem mass spectrometric analysis of ions of interest selected on MS. 
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DISCUSSION  
 
My thesis describes the first systematic attempt to apply a range of chemical analysis 
techniques to the identification and quantitation of acid-stable compounds in ageing 
Drosophila melanogaster.  Following on from the earlier work described in my literature 
review (principally that of Oudes et al., 1998), I hypothesised that acid stable chemical 
species existed within Drosophila melanogaster, a subset of which would be AGEs. I 
considered it highly likely that such species were the stable products of damage to 
macromolecules within the fly and as such had the potential could play a role in the ageing 
process.   Testing this idea experimentally required the development of simple preparative 
techniques which would isolate the broadest possible range of stable compounds in the 
simplest possible way.  This was the primary aim of my thesis. 
 
4.1 Lifespan data 
Both female and male Drosophila melanogaster showed a positive response to life 
extending interventions. Female flies showed maximum lifespan of 147 days and male 
flies showed maximum lifespan of 133 days in response to environmental interventions 
(reduced temperature and DR) as compared to control cohorts of having maximum lifespan 
of 63 days (see section 3.1). Females are more responsive to lifespan extending 
interventions than males. The two possible reasons for this could be (i) females and males 
have different energy demand and utilisation (ii) difference in IIS pathway in male and 
female flies due to different metabolic rates. The longevity of flies depends greatly on their 
environmental and dietary conditions. A lot of literature is available on interventional 
studies at different temperatures or diet regimes on Drosophila melanogaster (Miquel et al, 
1976; Mair et al, 2003; Magwere et al, 2004; Mair et al, 2005; Grandison et al, 2009).  
However, this is the first ever study monitoring the effect of more than one environmental 
intervention (temperature and DR) on Drosophila melanogaster simultaneously. Both male 
and female flies cultured under dietary restriction and at a low temperature of 18°C 
showed longer lifespan, which is in accordance with previous studies of such interventions 
independently (Partridge et al, 2005; Kyung-Jin and Marc, 2006). The low temperature 
slows down damage from metabolic activities, and DR induces reduced IIS signalling and 
elevated detoxification processes. However, the response to DR differs between male and 
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female Drosophila melanogaster. Male flies showed a lower increase in lifespan as 
compared to female flies in response to low temperature and DR (Figure 3.1-2). One 
possible explanation for sex differences could be difference in energy intake and 
expenditure (Magwere et al, 2004); males do not have the capacity for significant down-
regulation of energy expenditure on reproduction (egg laying) under DR in contrast to 
females. The decrease in IIS pathway leads to increase in lifespan of both male and female 
flies (Clancy et al, 2001). In contrast, a severe decrease in IIS signalling affects only males 
by reduction in lifespan (Magwere et al, 2004). Size of lifespan extension in males from 
combined intervention is surprisingly large as compared to DR and low temperature alone 
(Figure 3.2). 
Ablation of DILPs (Drosophila insulin like peptides) results in decrease of insulin 
production. The reduced insulin production leads to failure of glucose uptake by insulin 
dependent glucose transport, and as a consequence circulatory sugar level is elevated. 
Lifespan extension and mortality risk reduction in ablated flies is equivalent to that 
produced by DR.  In both cases glycogen and fat are metabolised to meet the energy 
demand (Zhang et al, 2009).  
Both ablated and InRDN female Drosophila melanogaster showed a positive increase in 
lifespan in response to life extending genetic interventions. The ablated flies showed 
maximum lifespan of 77days and InRDN flies showed maximum lifespan of 91 days in 
response to genetic interventions as compared to control cohorts of having maximum 
lifespan of 63days. Both types of mutant flies showed decrease in body size as compared to 
control cohorts as a result of mutation in insulin/IGF pathway (Chen et al, 1996; Brogiolo 
et al, 2001; Ikeya et al, 2009).  
The heterozygous control for InRDN flies (daught/+) contained driver daughterless gene 
formal to express GAL4 protein. This positive control was used to confirm the validity of 
expression system. Unexpectedly, the daught/+ flies also showed a longer lifespan along 
with less error bars as compared to other control cohorts (see section 3.1). The possible 
explanation for this could be an off target insertional effect of vector leads to altered 
lifespan.  
 
4.2 Method development 
Biological systems are composed of complex mixtures of molecules.  A major advantage 
of the simple genetic model systems, such as Drosophila, is the ability to generate large 
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population sizes.  The downside of such systems is that individual organisms are 
necessarily small and therefore the ability to generate large amounts of samples for 
analysis is limited. I was able to establish robust methodologies and analytical protocols 
for different chemical techniques in Drosophila. My hypothesis required that the 
techniques I developed were capable of retaining as close a range of stable compounds to 
that found in vivo as possible. It would have been inappropriate to concentrate on a specific 
compound or subset of compounds at this stage because there was insufficient data 
available to determine if these would be present within Drosophila melanogaster and, if 
they were, whether they would be relevant to the ageing process in this species. 
Since our focus was on thermodynamically stable compounds and the only prior study on a 
small proportion of such compounds (called AGEs) was Oudes et al. (1998).  I modelled 
my preparation methods on those used for this class of compounds.  The study of age 
related compounds has been performed in a variety of mammalian tissues previously 
(Lapolla and Fedele, 1991; Graham, 1996; Thornally et al,    2003; Thomas et al, 2005).  
However, when I began my project only Oudes and colleagues had previously undertaken 
such work in Drosophila melanogaster. This lack of prior data necessitated an extensive 
series of optimisation studies. 
Sample size and frequency: Oudes et al (1998) in their initial study of changes in 
fluorescence with age considered only two time points (10 and 75 days) and a single 
wavelength (440nm).  They were thus able to use very large sample numbers (n= 3750 at 
10 days and n=6730 at 75 days) and generated correspondingly large fluorescent signals. In 
contrast, I set out to gather data on multiple time points and intended to look at trends 
within populations subjected to interventions which would alter the rate of ageing. This 
meant that it was simply impractical to use sample numbers as large as those available to 
Oudes and colleagues.   Following consultation with my collaborators at the Institute of 
The Healthy Ageing a sample of n=5 flies was selected as the most likely to combine 
feasibility of population generation and maintenance with the detection of acid-stable 
compounds.  An aliquot of five flies was frozen at -80°C at regular intervals (Table 2.1-2) 
to establish a detailed understanding of trends of chemical changes occurring at different 
age points. As compared to fluorimetry alone (Oudes et al, 1998), multiple analytical 
techniques were applied to improve the chances of finding some novel age related changes 
in Drosophila melanogaster.   
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It is possible to culture large numbers of flies (100‟s-1000‟s) simultaneously but these 
would necessarily leave only a few survivors at the later time points. The aim of the study 
was to evaluate the effects of environmental and genetic interventions on the range of 
compounds observed. It was important to sample at regular intervals across the full 
lifespan to produce consistent data. The number of flies at each sampling point was 
selected to produce enough sample to analyse using multiple techniques. The selection of 
large sized cohorts (four cohorts with n= 5840) and sampling through whole lifespan as 
compared to Oudes et al (1998), studying only one cohort at only two age points of young 
(10days, n= 3750) and old (75days, n=6730), was an advantage to detect changes with ease 
and to produce more consistent data.  
Although, Jacobson et al (2010) has now also cultured Drosophila melanogaster under two 
environmental interventions (temperature and DR), they conducted AGE content analysis 
using n=20 flies per digestion. However, they only reported data up to age 35days, 
presumably to avoid unduly large cohorts. Even using 20 flies per data point a significant 
trend was only reported when the youngest (7days) and oldest (35days) were directly 
compared. Moreover, Jacobson et al (2010) applied the both interventions (temperature 
switch, n= 3566; Diet switch, n= 979) independently, whereas my research involved the 
range of age associated compounds study under both the interventions of temperature and 
DR on Drosophila melanogaster (n= 5840) simultaneously. Although, with hindsight it 
would have been advantageous to have generated additional replicates, the cohort size 
would have become unmanageable. However, the reproducibility of results of current 
study is shown by Jacobson et al (2010). 
Sample preparation: Although the analytical methods used for the detection and 
quantification of AGEs in mammalian tissue might simply be adapted for use in lower 
organisms. Undue focus on any one class of compound (e.g. AGEs) might be inappropriate 
and a more sensible strategy was to develop methods capable of surveying the broadest 
possible range of thermodynamically stable compounds. Although, it is possible that stable 
adducts represent only a small proportion of damage, the current study is focusing on 
importance of the damage caused by these stable species. An advantage of this approach is 
that it may also lead to the identification of entirely novel age associated changes.  
Detection of stable, small molecules as markers of damage requires digestion of the whole 
organism followed by either the physical or analytical isolation of any remaining stable 
species. As a first approach, trypsin was used as the method of choice for enzymatic 
digestion of whole fly (n=5 flies) as described in Oudes et al (1998). The drawback of this 
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approach was interference by trypsin which produce overwhelming fluorimetric signals in 
the region of interest (Appendix 1). Jacobson et al (2010) also used a modified enzymatic 
digestion as described by Oudes et al (1998). For all of our analytical techniques, removal 
of exogenous protein (trypsin) would have been required. Such additional sample 
preparation steps would have increased the risk of loss of compounds of interest. 
The trypsin itself could also introduce exogenous contamination. To eliminate trypsin as 
source of error, extra controls would be needed which would increase the preparation steps 
unnecessarily and increase the chances of losing the compounds of interest. As the signals 
produced for age associated compounds were already near the limits of detection of the 
techniques concerned (Ahmed et al, 2002), another alternative strategy was necessary. 
Both these studies using enzymatic digestion conducted only a fluorimetric analysis 
whereas our published data (Iqbal et al, 2009) from the current study, demonstrates the 
advantage of acid digestion by using the same samples (n=5 flies) for multiple analytical 
techniques. Both Oudes et al (1998) and Jacobson et al (2010) used enzymatic digestion 
and large sample size. whereas, I used acid digestion with small sample size to produce 
signals for age associated compounds. Fluorimetric analysis of acid hydrolysed flies 
showed signals consistent to those observed with enzymatic digestion, and this 
reproducibility shows the signals observed with acid digestion of flies is not an artefact of 
preparation method (see section 1.7.2), and are linked to fluorescent age associated 
compounds present in Drosophila melanogaster.  
Acid digestion has also been used successfully for sample preparation for AGE analysis 
(Graham, 1996). Although this process can result in loss of some less stable compounds, 
our principal interest was in acid stable adducts (see section 2.1.4). There is the possibility 
that filtration can remove some heavily cross-linked proteins. Regarding the digestion 
technique, one advantage of HCL digestion is that it is less prone to partial digestion than 
enzymatic digestion, and whilst it is possible that some extremely resistant materials might 
be intractable and thus lost to my analysis, this would be the case for any solution based 
method and therefore was not held to be a significant impediment to achieving the overall 
goals of the project. 
Although fluorimetry is a quick and highly sensitive approach, not all age associated 
compounds are fluorescent and there are chances of interference in fluorimetry signals due 
to quenching by other fluorescent oxidative adducts (Ahmed and Thornalley, 2007). To 
detect non fluorescent age associated compounds proton NMR spectrometric and mass 
spectrometric analysis of acid hydrolysed flies was also conducted for improved 
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identification of age-related changes. Proton NMR spectrometry gives information about 
chemical structure of compounds with regard to local chemical environment around 
protons and hence provides information about the types and relative abundance of the 
molecules or functional groups present. Simply by re-dissolving acid hydrolysed samples 
in D2O, the same samples were analysed using NMR with addition of TMS salt as internal 
standard. Some experiments were conducted to establish a protocol for HPLC but were 
abandoned due to limitations of time and problems with detection without pre-
concentration steps.  
The protocol optimisation for MS analysis also proved challenging due to interference in 
signals by high salt concentrations, leading to ion clusters with ions of interest on MS 
analysis (Zhang and Cooks, 2000). To conduct mass spectrometry analysis, samples were 
desalted by adding extra purification steps using C18 solid phase micro extraction tips. 
C18 tips were very efficient in removing salt without losing compounds of interest. 
Phenylalanine was added as an internal standard for quantification purposes. To improve 
signal to noise ration and avoid false signals due to ion retaining behaviour of the MS 
instrument, washing and instrumental internal calibration (with positive tune mix) was 
conducted with every sample analysis. MS was useful in finding the accurate molecular 
masses of compounds of interest and provided information about the daughter fragments 
when coupled with tandem mass spectrometry analysis.  
The limit of detection (LOD) values for age associated compounds analysis on analytical 
techniques is usually quite high e.g. for intrinsic fluorescence, the LOD for pentosidine and 
argpyrimidine is 1.4 and 8.8pmol respectively, whereas, on chromatographic analysis the 
LOD increases to 2-17 pmol (Ahmed et al, 2002). Increasing the sample loading decreased 
the chromatographic resolution. Biological samples often give problems with 
chromatographic resolution and hence confidence of discrete measurement of age 
associated compounds is difficult to achieve. Moreover, AGEs and related compounds 
were present as mixture of compounds so interpretation of results was not straightforward 
due to poor resolution of signals and high LOD values of these compounds.  
We have developed methods for the analysis of chemical damage that do not require 
excessively large numbers of flies. These methods are relatively unsophisticated, can 
potentially be used in non-specialist laboratories. These have a specific emphasis on 
reducing the complexity of sample preparation steps to maximise the recovery of stable 
compounds. These methods do not require any modification, derivatisation or further 
complicated separation. The data acquisition time is decreased significantly for a single 
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sample without losing the reproducibility. These methods have been applied to Drosophila 
melanogaster aged under a range of different environmental and genetic conditions. 
 
4.3 Environmental interventions 
4.3.1 3D Fluorimetry 
Control cohort: The flies reared under control conditions were used to generate baseline 
data. Intensity of signals varied at more than one excitation and emission wavelengths 
(Figure 3.5). Therefore, an optimal wavelength had to be selected to compare the results. 
The intensity of the fluorescent signals was monitored at excitation360nm and emission440nm. 
These wavelengths showed maximum response in intensity, and are close to the glycation 
associated fluorescence at exitation365nm and emission440nm (Oudes et al, 1998). These 
signals are consistent with the presence of AGEs (Monnier and Cerami, 1981; Oudes et al, 
1998). Fully fed females at 25ºC (control cohort) showed increase in intensity (p= 0.0353) 
of fluorimetric signals with increased age of population.  
Flies maintained at different temperature and food media showed a clear difference in their 
fluorimetric signals. Female flies maintained at 25°C and 2SY food showed significantly 
(p<0.05) higher levels of fluorescence with age as compared to flies at 18°C and 1SY food. 
This is in accordance with and extends the previous finding of Oudes et al, 1998. The 
normal temperature and normal diet increase the rate of accumulation of age-related 
damage (Jacobson et al, 2010). This accumulation of damaged macromolecules resulted in 
increase of fluorimetric signals and is associated with increased risk of mortality.  
By introducing one intervention, DR, a decrease in accumulation of fluorescent 
compounds is observed in flies maintained at 25°C and DR food (1SY). Drosophila 
melanogaster responds to DR by regulating the IIS activity (Ikeya et al, 2009). However, 
the scattered fluorimetric data obscure any trends present. This might be explained by not 
only the higher rate of detoxification by DR, but also the rate of simultaneous damage by 
normal temperature (see section 1.3). Since both the relative and absolute variance of rates 
of enzyme-catalysed reactions increase with rate (Askelöv et al, 1976) the inter sample 
variation rises significantly if both processes are accelerated. In theory, the scattered 
response could be compensated by increasing the cohort size, making it possible to identify 
a trend. Practically, however, the cohort size being used in study was already large (n= 
5840 flies) and further increase was not feasible. It might be possible to compare young vs 
old flies to decrease the scatter as Jacobson et al (2010) had to do to detect a significant 
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difference. This approach involves the risk of losing information from intermediate 
samples, Scatter tells us about inter-individual variation, which itself is important to 
understand the age associated changes occurring throughout the lifespan of Drosophila 
melanogaster.    
The male flies maintained at normal temperature (25°C) and DR food (1SY) showed 
significant (p<0.05) increase in accumulation of AGEs and related compounds with ageing 
as did those at 25°C and 2SY, although the rate of increase was masked by inter-sample 
variation. This increase in fluorimetric signals conforms to the lack of observed increase in 
the lifespan with DR. Moreover, male flies showed a higher intercept as compared to 
female flies in all cohorts. This high intercept value suggested the presence of some 
additional fluorescent compounds, which may not be associated with ageing. 
In contrast, both male and female flies maintained at 18°C and DR food (1SY) showed no 
significant increase in fluorescence intensity with ageing. Low temperature is associated 
with low rate of accumulation of ageing related damage as a result of lowered metabolic 
activities, e.g. decreased oxygen utilisation, less damage to vitality and reduced chances of 
thermal denaturation of proteins (Miquel et al, 1976). No increase in fluorescence 
intensities was observed at the end of lifespan in either cohort. The results of study of 
effects of temperature and DR are in accordance with the hypothesis that low temperature 
and DR can reduce the effect of age associated damage and have remarkable effects on 
lifespan extension. Oudes et al (1998) has demonstrated the similar response of reduced 
fluorescence by treatment of fully fed Drosophila melanogaster with aminoguanidine 
without achieving the increase in lifespan. The explanation for such data is not provided 
even by latest mechanistic theories of ageing (see section 1.2.2).  
It is possible that cause of death in long lived cohorts is accumulation of damaging 
molecules that are not fluorescent. To identify novel chemical species within Drosophila 
melanogaster, such that a more complete spectrum of the chemical changes occurring 
during ageing can be produced, proton NMR and MS analysis of ageing flies was also 
conducted.   
 
4.3.2 
1
H NMR Spectrometry 
NMR analysis of Drosophila melanogaster was conducted as an independent analytical 
technique to examine a wider range of compounds as compared to fluorimetry (Appendix 
2). Some compounds detected using fluorimetry may not be observed in the NMR 
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spectrum because of being very low in concentration or masked by noise signals from non-
fluorescent compounds. A typical spectrum (Figure. 3.8) showed distinct clusters of signals 
present throughout the fly samples under all conditions. Quantitative analysis of the 
individual changes in signal size made these spectra very informative. Changes in size, 
position and complexity of NMR signals with age is consistent with the histological 
observations of Miquel (1971) that both loss and gain of compounds occurs during the 
ageing of flies. 
After careful consideration, eleven persistent clusters in all spectra were identified. These 
clusters showed clearly distinguishable peaks of minimal complexity. These clusters were 
evaluated to gain the information about relative concentrations of compounds giving rise to 
them and the changes in these with age. The area under the peaks of each cluster was 
quantified relative to the TMS salt peak at 0.00ppm to give a relative value for the 
concentration of protons present in the sample with signals in that cluster. These areas 
were then plotted against age of fly at sampling time points and this has allowed the 
quantification of changes occurring throughout ageing. Signals from individual protons 
tend to overlap somewhat, and immediate identification of compounds giving rise to these 
signals is thus difficult. The data generated were plotted to establish similarities and 
differences in spectral changes associated with interventions which alter lifespan. A 
negative integral was observed in clusters 8 and 9 at some late time points. On examination 
of the spectrum this was felt to be due to a broad signal deforming the baseline. This was 
however present in all samples and therefore was felt not to reduce the validity of the 
results.   
Male flies (Figures 3.10 and 3.13) cultured at normal temperature (25°C) and normal yeast 
food (2SY) showed a significant age associated increase (p<0.05) in the size of peaks in 
clusters 1, 3, 4, 8 and 10 with age.  
The male flies cultured at normal temperature (25°C) and DR food (1SY) produced only 
one significant trend in cluster 10. Cluster 10 showed a significant increase in peaks with 
age in control cohort (p< 0.01) and the cohort housed on DR (p<0.05). The rate at which 
changes occurred with age in cluster 10 in DR males (0.268±0.0424) is approximately 
three times slower than males in normal cohort (0.0812±0.025) and this reduction in size of 
increase is reflected in clusters 1, 3, 4 and 8 also.  Although not significant, the flies 
cultured at low temperature (18°C) and DR showed a decreasing trend in peaks in cluster 
10.  
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The male flies cultured at low temperature and DR food also showed a significant decrease 
(p<0.001) in peaks of clusters 8 and 9. The other clusters showed no significant trend in 
this cohort. A decrease in temperature reduces the rate of accumulation of age-related 
damage (Partridge et al, 2005), and DR enhanced rate of detoxification and repair 
mechanisms. Perhaps, therefore compounds produced during development are being 
removed in addition to any new damage incurred during life. These significant trends 
observed in cluster 10 and reflected in clusters 1, 3, 4, 8 and 9 closely match the 
observations made for female flies using fluorimetry. 
Female flies showed no significant trend in any cohort. However, the apparent direction of 
trends (up for normal temperature and normal diet, less for DR and down for low 
temperature and DR) broadly matches that of the males (Figures 3.9 and 3.12). It may be 
the scattered response in peaks is result of elevated levels of damage and repair processes 
occurring simultaneously. Flies responded to availability of nutrients by regulating the 
mechanisms associated with IIS activity (Ikeya et al, 2009). The consistent variation in 
response between male and female flies to DR is probably due to the difference in a large 
number of biological determinants (e.g. metabolism, detoxification, genetic inheritances 
between sexes, differences in physiology and behaviour, etc) of ageing in male and female 
flies (Burger and Promisilow, 2004).  
When the environmental interventions of low temperature (18°C) and DR were applied 
together, female flies showed a decrease in heteroatomic, benzylic and aromatic regions 
(clusters 6-11) as for male flies. This gradual decrease by introducing the lifespan 
extending interventions could be a result of increase in rate of macromolecules repair 
processes and lower metabolic activity, leading to reduced endobiotic damage. The 
findings of NMR spectrometry illustrate complex nature of phenomenon of ageing with 
continue degeneration and regeneration of molecular species throughout the lifespan, but 
further analysis provides a clue as to the likely structural characterisation of some key 
compounds. 
 
4.3.2.1 2D NMR and covariation analysis 
NMR analysis is carried out to obtain structural information about proton containing 
compounds (see section 1.8.2). The presence of off-diagonal or crosspeaks in the spectrum 
directly correlates the coupled protons in compounds. 2D NMR analysis is used here to 
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identify mutually coupled protons in broad range of compounds left after digestion of 
whole Drosophila melanogaster. This allows us to identify signals which come from 
adjacent protons on one molecule. By mapping all the correlations in the mixture of 
compounds, the complexity of the mixture can thus be reduced. Signals which display a 
significant age related trend can thus be associated with signals where any trend may have 
been masked by a large standard deviation in the slope.  
Clusters from male flies (produced maximum significant trends) were further analysed by 
comparing coupling between clusters in their 2D NMR (Figure 3.17) and the rate of 
change in the concentration of proton containing compounds with age (slope/intercept, 
Figure 3.15), this in combination thus allows identification of groups of signals that belong 
to a single molecule and vary in an age related fashion. This is the first step towards 
characterisation of the compounds responsible for changes in lifespan in the different 
cohorts. 
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Table 4.1: Coupling comparison between clusters at 2D NMR and rate of change  
in the concentration of proton containing compounds (slope/intercept). 
 
 
 
 
 
 
 
 
Cluster  Significant trend 2D NMR association Covariation analysis 
1 Yes 4 5 4,8,10,11 
2 No 2 2 
3 Yes 10 5,6,7,9 
4 Yes 1,4,8,10 1,8,10,11 
5 No 1,5,10 3,6,7,9 
6 No 6,7 3,5,7,9 
7 No 6,7 3,5,6,9 
8 Yes 4,8 1,4,10,11 
9 Yes 9 3,5,6,7 
10 Yes 4,10 3 1,4,8,11 
11 No 11 1,4,8,10 
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Clusters in the blue block were coupling as shown by 2D NMR as well as having very 
similar rates of change in concentration with age as indicated by yellow colouring (Table 
4.1) for all cohorts. Cluster 11 showed no coupling with any other cluster on 2D-NMR but 
matched to yellow clusters in rate of change with age. It is therefore likely that signals 
from these clusters are all generated by one molecule. 
Cluster 2 showed no coupling with other clusters on 2D NMR and showed no similarity in 
rate of change, so the signals observed in cluster 2 were produced by a molecule with a 
single type of protons (such as succinic acid),which  behaved independently with ageing 
and did not show significant trend in any cohort. Cluster 3 showed coupling of protons 
with only cluster 10 on NMR COSY analysis, but was coupled to the same part of cluster 
10 as cluster 5. Whereas, slope/intercept data (Figure. 3.15) for cluster 3 showed trends 
similar with orange clusters (5, 6, 7 and 9). This may indicate the presence of multiple 
compounds giving rise to cluster 3 with different rate of change of concentration with age. 
Cluster 5 coupled with clusters 1 and 10 in green block on 2D NMR, and showed similar 
rate of change in concentration as orange clusters on comparing slope/intercept data. 
Cluster 5 did not show significant trend in any cohort with ageing.      
2D NMR analysis showed the presence of coupled signals in red clusters (6 and 7) and 
their rate of change in concentration with age is also similar to that of observed for orange 
clusters. It is therefore likely that signals for these two clusters are produced by a single 
molecule.   
Overall the data suggest that there are four sets of signals. 
(i) Group 1 (cluster 2), which never showed a significant trend. 
(ii) Group 2 (clusters 1, 3, 5, 9, 10 and 11), which showed significant trend in some 
cohorts. 
(iii) Group 3 (clusters 1, 4, 8, 10 and 11), which showed significant trend in some 
cohorts. 
(iv) Group 4 (clusters 6 and 7), which never showed a significant trend. 
 
 
The theoretical 
1
H NMR spectra of these four groups were postulated for the clusters 
showing definite association on 2D NMR and slope/intercept analysis (Figures 4.1-4).   
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Figure 4.1: A theoretical 
1
H NMR spectrum for group 1 showing definite coupling 
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Figure 4.2: A theoretical 
1
H NMR spectrum for group 2 showing definite coupling.    
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Figure 4.3: A theoretical 
1
H NMR spectrum for group 3 showing definite coupling.  
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Figure 4.4: A theoretical 
1
H NMR spectrum for group 4 showing definite coupling. 
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4.3.3 Mass spectrometry 
Mass spectrometric analysis was conducted on whole fly digest to understand the changes 
occurring with age (Appendix3).  Method development and optimisation was big challenge 
due to lack of literature on study of age related changes in whole Drosophila melanogaster 
on MS. Moreover, removal of interfering ions and establishing the protocol to analyse acid 
digested samples without losing the compounds of interest proved difficult. Early spectra 
showed a large number of high molecular weight compounds in a region above 600m/z 
which latter on found associated with salt, interfering with observations of the compounds 
of interest (Figure 3.18). Unfortunately, the acid hydrolysed fly samples contained such a 
high concentration of salt, the low molecular weight compounds were not visible. 
However, after improvement in sample purification steps with C18 SPME tips (see section 
2.4), signals were successfully observed in the relevant region of spectrum (below 
400m/z). The changes occurring with ageing in flies under different environmental and 
genetic interventions are shown in a typical mass spectrum of fly digest (Figure 3.19). The 
possible chemical species involved in age related changes in Drosophila melanogaster 
(under environmental and genetic interventions) are described below along with 
fragmentation analysis on tandem mass spectrometry (MS/MS). 
High Resolution Mass Spectrometry: Chemical formulae and proposed chemical 
structures were generated for selected molecular ions. Only the ions that appeared with 
known chemical formulae were considered (Table 3.3a-b). The molecular formulae were 
predicted with „‟chemical check‟‟ and „‟CHN only‟‟ flag, the ions failed to produce a 
known formula suggesting the presence of other elements. Although, it is likely that there 
are structures which may be overlooked by using this method, it was felt to be useful to 
narrow down potential types of molecules for future investigation. The high resolution 
mass spectrometric analysis showed the presence of wide range of chemical compounds 
present in acid hydrolysed digest of Drosophila melanogaster. The chemical groups 
predicted by high resolution mass spectrometry match the findings of 
1
H NMR analysis in 
eleven clusters. The structural information with predicted chemical formulae is provided in 
tables 3.3a and 3.3b. We did not find any AGEs during MS analysis. It is unlikely that 
AGEs are not present in Drosophila melanogaster as Jacobson et al (2010) observed them. 
In order to identify AGEs, Jacobson et el (2010) has used GC/MS with single ion 
monitoring and large sample volume (n=20). Whereas, the current study is designed to 
assay all acid stable compounds present not the particular ones like AGEs. Other 
possibilities of not finding any AGEs could be (i) lack of consistent signals with known 
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AGEs, or the signals from other compounds are much stronger and the barrier I set is high 
(S/N>5), so there is chance of excluding AGEs signals being below the LOD. (ii) weak 
signals due to small sample volume (n=5), to overcome this limitation sample size can be 
increased as Oudes et al (1998) and Jacobson et al (2010) did in their studies to get strong 
signals at specific time points only (see section 4.2). By increasing number of flies better 
NMR and MS spectra can be obtained but it was not necessary during current study as the 
focus was studying changes occurring throughout the lifespan of Drosophila melanogaster 
not at specific time points.  
 
4.3.3.1 MS/MS analysis 
The fragmentation of ions observed on MS was conducted by tandem mass spectrometry. 
Although ions showed some trends in fragmentation analysis, it was not possible to assign 
them as typical age related compounds (e.g. AGEs) due to the lack of match with any 
standard AGEs or known compounds. However, data obtained from MS/MS analysis 
provides information that can be used to hypothesise potential structures.  
The m/z 166 observed for internal standard (phenylalanine) showed fragments of m/z 120 
and 93 which are consistent with previous literature (O‟Hair et al, 1992). The loss of 
radical m/z 27 suggests the elimination of CH=CH2 from m/z 120.  
The m/z 168 showed fragmentation pattern with loss of radicals of m/z 15 and 41 that 
likely to match ionic species CH3 and CH3CH2N or C3H5 respectively.  
The m/z 175 showed the loss of m/z 46 whilst generating a radical of m/z 109; this 
suggests the presence of NO2 in parent ion m/z 175 and is in accordance with chemical 
formula generated by HRMS (table 3.4.11a).  
The loss of daughter ion m/z 60 from parent ion m/z 176 to generate m/z 116 suggests the 
removal of either CH2NO2 or NHC(=O)CH3 ionic species.  
The parent ion of m/z 182 showed two fragments of m/z 123 and m/z 81.9. This indicated 
the loss of radical of m/z 41.1 which matches closely to chemical species CH3CH2N and 
C3H5.   
The fragments of m/z 105 and 64 are generated by consecutive loss of m/z 41, this 
suggests the elimination of CH3CH2N or C3H5 species from parent ion m/z 307. 
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The parent ion m/z 327 showed fragments m/z 210, which further generated radicals of 
m/z 105 and 64 by loss of m/z 105 and 41 respectively. The loss of m/z 105 and 41 
suggests the occurrence of chemical species C3H7NO3 and CH3CH2N or C3H5.  
Mass spectrometric analysis of all cohorts of Drosophila melanogaster showed the signals 
belong to multiple compounds. The MS/MS fragmentation analysis with daughter ions is 
shown in table 3.4.  
 
4.4 Genetic interventions 
Genetic interventions are a powerful tool to investigate mechanisms of ageing and 
Drosophila is a potent model for this approach due to homology with mammalian genes. 
However, the nature, dose and site of mutation are key points in achieving specific 
objectives (Brogiolo et al, 2001). Insulin/IGF-like signalling (IIS) is a conserved pathway 
in multicellular organisms and has diverse functions in organisms. Any mutation that 
interferes with IIS can have pleiotropic effects on development, growth, stress resistance, 
fecundity, metabolic homeostasis and lifespan (Ikeya, 2009). The effect of ablation of 
insulin producing cells and mutation in insulin receptor protein on age-related molecular 
damage in Drosophila melanogaster are investigated in the current study. The normal flies 
cultured under different environmental interventions showed trends similar to transgenic 
flies. Both normal and genetically modified flies were compared to study the changes 
occurring with age.  
The fluorimetric analysis of mNSC ablated female flies showed a significant increase 
(p<0.05) in intensity of fluorescent signals at excitation360nm and emission440nm with age. 
This increase in AGEs and related compounds is significant but at a much reduced rate 
(0.184±0.0617) as compared to normal control flies, F/25/2SY, (0.599±0.230). Indeed, by 
comparing the fluorimetric data (see figures 3.6-7), it is observed that mNSC ablated flies 
showed slope values (0.184±0.061) very close to female flies at DR (0.172±0.263). This is 
in accordance with findings that DR and IIS have similar magnitude of effect on lifespan 
extension (Grönke et al, 2010). Under conditions of DR the age specific mortality 
decreased but only a marginal effect is observed on maximum lifespan. Ablated flies 
showed very similar lifespan curves to DR flies but have an increased maximum lifespan. 
The size of error in slope values for ablated flies is much smaller than of DR (Figure. 3.6 
and figure. 3.7). It is possible that this reduced scatter is because ablated flies reduce k1 
values (rate of formation of damage) possibly through the selective elimination of 
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precursors to damaging species, or some equivalent mechanistic difference exists between 
the cohorts. 
The heterozygous control for ablated flies (rpr/+) contained undriven apoptotic reaper 
gene.  This positive control was needed to confirm the successful gene expression for 
ablation. However, this is based on only four samples, and it is uncertain to predict any 
trend due to lack of sufficient data. Again, it was not possible to replicate the data in the 
time available (see section 4.1). 
Genetic studies in Drosophila melanogaster have highlighted an evolutionarily conserved 
signalling pathway that plays an essential role in controlling body, organ and cell size 
(Brogiolo et al, 2001). This pathway involves the homolog of insulin receptor substrates, 
mutation in any of these components lead to a change in cell size. The structure of InR is 
similar to mammalian insulin receptor and the IGF1 receptor. InR regulates organ size by 
changing cell size and cell number in an autonomous manner and is essential for normal 
development. Severe growth retardation was observed in InRDN flies in accordance with 
Ikeya et al (2009) due to an amino acid substitution at the corresponding position in kinase 
domain in Drosophila insulin receptor.  
The InRDN flies showed no significant increase in intensity of fluorescent signals on 
fluorimetry with age as compared to normal control flies (p<0.05). This lack of any trend 
in fluorescence observed in InRDN flies is very similar to that of the female flies at low 
temperature and DR. The comparison of fluorimetric data (figures 3.6-7) showed that the 
rate of accumulation of age related damage in InRDN flies (-0.0340±0.0572) is indeed 
very similar to that of normal flies cultured at low temperature and DR (-0.0471±0.066). 
The size of error is also similar for both cohorts, and suggesting similar processes are 
occurring as a consequence of environmental and genetic interventions in extending 
lifespan. The decreased rate of accumulation of fluorescent molecules may well be the 
result of cellular detoxification activities of IIS pathway. Phase I and phase II pathways are 
involved in the elimination of lipophilic endobiotics, xenobiotics and AGEs (McElwee et 
al, 2007; Buetler et al, 2008; Partridge, 2010).   
The heterozygous control for InRDN flies (daught/+) showed an unexpected increase in 
lifespan. The daught/+ flies also showed no increase in intensity of fluorescent compounds 
with age, the possible explanations for such unexpected trend could be (i) an off target 
insertional effect from the presence of the vector. (ii) the generation or degeneration of 
chemical compounds leading to changed lifespan. As daught/+ flies showed altered 
lifespan, they probably have altered cause of death as well.   
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Proton NMR analysis of transgenic flies showed no significant increase in peaks size with 
age in any cohort (Figures 3.11 and 3.14). Only two significant decreasing trends were 
observed in ablated flies in clusters 7 (p=0.045) and 8 (p=0.043). Although the lack of 
significant trends in the samples render interpretation difficult, it should be noted that the 
size and direction of the slope in each instance matches that observed in males and is 
concordant with the fluorimetric data. 
 
4.5 The Green Theory of ageing 
Many of the observations made during my study of the accumulation of acid stable species 
throughout the lifespan of Drosophila melanogaster are incompatible with simple 
mechanistic explanations of ageing (e.g. the idea that lifespan is limited under all situations 
by the accumulation of AGEs). It also became apparent during the course of these 
experiments that my methodology (which aimed at the unbiased capture of multiple 
damaging species) was a very suitable one to test the predictions of the Green theory of 
Gems and McElwee (2005) who predicted that multiple types of stable damage would 
build up during the ageing process and that lifespan is set by the efficiency with which 
multiple types of damage macromolecules are recycled (see Sections 1.2 & 1.3).  
A simple chemical equation to describe the molecular impact of Green Theory could be as 
follows: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
121 
 
 
 
Figure 4.5 Green Theory as a simple chemical reaction, k1 is the rate of formation of 
damage, k2 is the rate of recycling or repair. 
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By decreasing k1 (the rate of formation of damage), age-related increases in the level of 
damage can be reduced. Whereas, the factors which increase k2 (the rate of „recycling‟ of 
damage) will result in enhanced detoxification. This model predicts that low temperature 
and DR will result in a decrease in k1 and an increase in k2, resulting in a rapid turnover of 
„recycled‟ macromolecules and hence both long lifespans and low concentrations of 
damaging species. In contrast, normal temperature and DR will lead to increases in both 
the forward and reverse reactions, which is predicted to result in a kinetically less stable 
system, with both endobiotic damage and detoxification going on simultaneously at 
relatively high rates. Under such conditions the system will be subject to dynamic 
fluctuations that could result in increased levels of signal scatter (see section 3.2). The 
findings of our environmental and genetic interventions on ageing of Drosophila 
melanogaster are consistent with these predictions and hence of the Green Theory of 
ageing. This assertion is worthy of a more detailed justification. 
Both female and male cohorts at low temperature and DR showed increased lifespans with  
no significant increase in fluorescence intensity with ageing (figure 3.6). This is consistent 
with Green Theory in terms of a combination of increased rates of repair and decreased 
rate of endobiotic damage (i.e. a low k1 and a high k2). Oudes et al (1998) demonstrated 
that treatment of flies with aminoguanidine decreased the signal associated with AGEs but 
did not produce an increase in lifespan. If, as Green Theory proposes, life span is the result 
of the efficiency of multiple repair and detoxification. Then a decrease in just one type of 
damage will not necessarily give rise to a significant increase in lifespan. The Green 
Theory provides an explanation for the gradual decrease of molecular species observed in 
NMR analysis of male flies cultured at low temperature and DR. (see section 4.3.2). The 
environmental interventions could down regulate k1 and up regulate k2 as described in 
figure 4.5.  
Detoxification processes require substrates to start with, and the observations made in this 
study suggested that AGEs and related compounds could activate phase II metabolism (see 
section 1.3). A literature search identified a small but consistent set of papers showing that 
this did in fact occur. 
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Overall conclusions 
The aim of the project was to examine the effects of environmental and genetic 
interventions that alter lifespan, on age-related changes in the chemical composition of 
Drosophila melanogaster. This is the first ever study on the chemical analysis of whole fly 
digests with a particular focus on advanced glycation end products (AGEs) and other stable 
compounds. The only prior publication on whole Drosophila melanogaster (Oudes et al, 
1998) considered only two age points (young and old), at a single wavelength and only one 
analytical technique, fluorimetry. Whereas, the current project has examined multiple age 
points over the full lifespan of Drosophila melanogaster, cultured under different 
environmental and genetic conditions. Multiple analytical tools were applied to uncover 
the age-related chemical changes throughout the fly lifespan.  
As the analytical techniques were being applied for the very first time on whole 
Drosophila melanogaster digests, a considerable part of the project work involved method 
optimisation and baseline data collection using flies under normal conditions. The 
remaining work involved the evaluation of the effects of environmental and genetic 
interventions on the chemical changes occurring.  
Dietary restriction and low temperature increased longevity in the expected fashion. My 
control studies using fluorimetry were in accordance with the limited previous literature on 
increase in fluorescent signals at Ex360nm and Em440nm with age. A significant increase in 
intensity of AGEs with age was observed at normal temperature and normal diet. In 
contrast, interventions which increased lifespan reduced the rate of accumulation of 
fluorescent compounds, such that when flies were cultured at 18°C and under DR, no 
increase over the full lifespan was observed. The scatter for the 25°C and DR cohort was 
such that the trend was not significantly different to either fully fed at 25°C or DR at 18°C. 
Males showed similar trends but had a much increased background fluorescence which 
prevented the results reaching full significance.   
Proton NMR spectrometry analysis has also proved provocative. The data obtained from 
NMR spectrometry showed both an increase and decrease in the concentration of protons 
within stable compounds with age. The 
1
H NMR and 2D-NMR analysis of eleven 
consistent clusters indicated the presence of two distinct groups of signals associated with 
ageing. These two groups appear to be from two single compounds, and the possible 
spectra of these has been proposed. In addition a lone singlet at 1.3ppm did not associate 
with any other cluster but may also be of interest. 
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Mass spectrometry showed distinctive pattern of signals in all cohorts but was not 
significantly consistent to establish trends. The fragmentation data obtained from tandem 
mass spectrometry has given some structural clues as to the identification of compounds 
present but an increased sample concentration is needed to properly investigate these.  
The genetic interventions of ablation of median neurosecretory cells (mNSCs) and 
mutation in insulin receptor, produced the expected increases in lifespan. The chemical 
analysis of these cohorts using multiple analytical techniques showed that mutations in the 
IIS pathway and environmental interventions may have similar effects, but further work 
would be required to confirm this, in particular to determine the altered phenotype (both 
lifespan and digest fluorescence) of the daught/ +.  
Overall, the findings of this project were in concordance with the Green Theory of ageing.  
My data are consistent with the hypothesis, directly derived from Green Theory that that  
organismal lifespan is limited by the failure to repair multiple types of molecular damage 
generated by multiple metabolic processes. Although not the primary goal of the study my 
data have allowed me to extend the scope of Green Theory by demonstrating that multiple 
stable compounds do accumulate with ageing and by linking phase II metabolism to AGE 
formation within the context of ageing. The rate of change of these compounds with age is 
a potential indicator of the health status of organisms and may inform on the activity of 
repair mechanisms to detoxify damaged molecules.             
 
This is the first ever attempt to develop analytical methodologies for the analysis of acid 
stable species in whole Drosophila melanogaster. The techniques I developed during this 
study are simple and easy to use in non-specialist laboratories. The sample preparation 
steps do not require excessively large number of flies, any modification, derivatisation or 
further complicated separation steps. Artefact generation as a result of preparation 
methods, might at first have been considered a potential problem. However, similar trends 
have since been observed in samples prepared with alternative methods (see section 1.7.2). 
In addition, since, the aim of the project was study the broadest range of acid stable 
compounds with a view to identifying any age-related trends, even artefactual compounds 
would be informative – since the sample preparation is consistent throughout and thus any 
observed analytical changes must be age-associated. The real issue indentified during this 
study was concentration of samples for follow up studies e.g. MS and MS/MS analysis. 
This limitation might be overcome by an extended experimental work with excessively 
large number of flies (n=1000s), or more complex purification systems, but this was 
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beyond the scope and aims of the project. In the current study, the size of the cohorts very 
close to the limits of what was practically possible without reducing the number of time 
points (or the breadth of compounds surveyed) and thus the effective power of study.  
The cohorts cultured under genetic interventions showed unexpected trends. These trends 
could be the result of generation and degeneration of chemical species leading to altered 
lifespan (by change in activity of IIS pathway) and hence altered cause of death, or may 
simply be an artefact engendered by the manipulation process. Further characterisation of 
the chemical species involved, and examination of possible causes of death may help to 
better explain our data.  
In this study, I chose to examine the effect of temperature and dietary restriction in a 
simple three way experiment, (25/2SY, 25/1SY, 18/1SY), since all previous work had 
indicated that the effects of temperature and DR are independent (Mair et al, 2003; 
Jacobson et al, 2010).  However, the unexpected, more than additive, effect on lifespan 
observed in the 1SY18 cohort indicates that there may be previously unidentified 
interactions occurring between these two interventions.  As a consequence it would be 
informative to undertake further study utilising a four way experimental design (25/2SY, 
25/1SY, 18/1SY, and 18/2SY). This will improve the understanding of process of ageing in 
Drosophila melanogaster. 
Overall my work has generated versatile and robust methods to observe key changes 
during the ageing of Drosophila melanogaster under a variety of conditions, and has led to 
the identification of the significant spectral characteristics derived from compounds that 
are strongly age-associated and may be causal the ageing process.  This lays the foundation 
for further work to confirm the chemical structures involved such that they may be the 
target of future therapeutic interventions. 
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Appendix 1. Fluorimetric analysis of Drosophila melanogaster using enzymatic 
digestion.  
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Figure A1.1: A representative graph for fluorimetric signals of Drosophila melanogaster 
using enzymatic digestion (Trypsin). 
144 
 
Appendix 2. 
1
H NMR spectrometric analysis of Drosophila melanogaster. 
 
Appendix 2.1 
1
H NMR spectrograms. 
All samples of flies were subjected to 
1
H NMR spectrometry to study age associated 
changes throughout their lifespan. The raw data as spectrograms is presented below.  
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Appendix 2.2 Analysis of the effect of interventions on 
1
H NMR clusters. 
Graphs of the signal intensities were plotted against age of flies and are presented in 
appendix (Figures A2.1-2.22). Each data point generated from a pooled digest of n=5 
individual flies. The lines of best fit were generated by linear regression. Slope, intercept 
and P values for the statistical probability that slope ≠ 0 are shown in tables along with 
respective graphical illustration. 
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Figure A2.1: Analysis of the effects of environmental interventions in cluster 1 (0.80-
1.11ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY. 
 
 
 
 
 
 
 
 
 
 
*Significant P value 
Table A2.1:  Statistical values for data shown in figure A2.1 on NMR spectrometry.   
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value  
(Relative intensity/day) 
F/25/2SY,A 0.01171 ± 0.1215 14.99 ± 4.512 0.9278 
F/25/1SY, B -0.05465 ± 0.07128 10.39 ± 2.648 0.4860 
F/18/1SY, C 0.01408 ± 0.01420 12.35 ± 1.209 0.3448 
M/25/2SY, D 0.1820 ± 0.02794 8.980 ± 1.038 0.0029* 
M/25/1SY, E 0.06765 ± 0.02902 10.58 ± 1.078 0.0802 
M/18/1SY, F 0.004986 ± 0.02115 14.00 ± 1.631 0.8189 
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Figure A2.2: Analysis of the effect of genetic interventions in cluster 1 (0.80-1.11ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value  
(Relative intensity/day) 
Ablated -0.06469 ± 0.03061 20.52 ± 1.479 0.1021 
rpr/+, -0.07121 ± 0.07147 21.53 ± 2.874 0.3925 
InRDN -0.03304 ± 0.03693 13.85 ± 2.084 0.4120 
daught/+ -0.06143 ± 0.03258 20.29 ± 1.310 0.1559 
 
Table A2.2:  Statistical values for data shown in figure A2.2 on NMR spectrometry.   
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Figure A2.3: Analysis of the effect of environmental interventions in cluster 2 (1.30-
1.40ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
   
 
Table A2.3:  Statistical values for data shown in figure A2.3 on NMR spectrometry 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value  
(Relative intensity/day) 
F/25/2SY,A -0.008947 ± 0.01053 2.764 ± 0.3910 0.4432 
F/25/1SY, B -0.005398 ± 0.009281 1.562 ± 0.3448 0.5920 
F/18/1SY, C 0.004464 ± 0.002723 1.771 ± 0.2318 0.1322 
M/25/2SY, D 0.02048 ± 0.01758 2.152 ± 0.6530 0.3087 
M/25/1SY, E -0.01202 ± 0.005753 2.610 ± 0.2137 0.1050 
M/18/1SY, F 0.001062 ± 0.002974 2.036 ± 0.2292 0.7292 
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Figure A2.4: Analysis of the effect of genetic interventions in cluster 2 (1.30-1.40ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value  
(Relative intensity/day) 
Ablated, G -0.007980 ± 0.006350 2.893 ± 0.3069 0.2773 
rpr/+, H -0.004714 ± 0.01913 3.039 ± 0.7693 0.8213 
InRDN, I 0.003929 ± 0.004033 1.636 ± 0.2276 0.3748 
daught/+, J -0.01357 ± 0.01529 3.455 ± 0.6148 0.4401 
 
Table A2.4:  Statistical values for data shown in figure A2.4 on NMR spectrometry.   
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Figure A2.5: Analysis of the effect of environmental interventions in cluster 3 (1.43-
1.56ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
 
*Significant P value 
Table A2.5:  Statistical values for data shown in figure A2.5 on NMR spectrometry.   
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value  
(Relative intensity/day) 
F/25/2SY, A -0.01060 ± 0.04477 6.642 ± 1.663 0.8244 
F/25/1SY, B -0.01782 ± 0.02740 4.380 ± 1.018 0.5509 
F/18/1SY, C 0.008391 ± 0.009625 5.233 ± 0.8194 0.4038 
M/25/2SY, D 0.06377 ± 0.01704 3.423 ± 0.6330 0.0201* 
M/25/1SY, E 0.02238 ± 0.01183 4.292 ± 0.4395 0.1315 
M/18/1SY, F -0.003591 ± 0.006909 5.396 ± 0.5326 0.6158 
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Figure A2.6: Analysis of the effect of genetic interventions in cluster 3 (1.43-1.56ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
 
Table A2.6:  Statistical values for data shown in figure A2.6 on NMR spectrometry. 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.02257 ± 0.01933 8.101 ± 0.9340 0.3077 
rpr/+, H -0.02729 ± 0.03708 8.561 ± 1.491 0.5152 
InRDN, I -0.01105 ± 0.01085 5.421 ± 0.6125 0.3555 
daught/+, J -0.0455 ± 0.01613 9.829 ± 0.6486 0.0667 
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Figure A2.7: Analysis of the effect of environmental interventions in cluster 4 (1.66-
1.82ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
*Significant P value 
  
Table A2.7:  Statistical values for data shown in figure A2.7 on NMR spectrometry.   
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A -0.08338 ± 0.07262 10.49 ± 2.698 0.3149 
F/25/1SY, B -0.01392 ± 0.03272 4.425 ± 1.215 0.6923 
F/18/1SY, C 0.01827 ± 0.009638 4.539 ± 0.8205 0.0873 
M/25/2SY, D 0.05626 ± 0.004057 3.040 ± 0.1507 0.0002* 
M/25/1SY, E 0.01621 ± 0.01155 4.183 ± 0.4290 0.2331 
M/18/1SY, F 0.002504 ± 0.006762 4.459 ± 0.5213 0.7197 
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Figure A2.8: Analysis of the effect of genetic interventions in cluster 4 (1.66-1.82ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
 
 
 
 
 
 
 
 
Table A2.8:  Statistical values for data shown in figure A2.8 on NMR spectrometry.   
 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative 
intensity/day) 
Ablated, G -0.01431 ± 0.01508 6.256 ± 0.7287 0.3964 
rpr/+, H -0.02236 ± 0.03725 7.065 ± 1.498 0.5907 
InRDN, I 0.004515 ± 0.006938 3.490 ± 0.3916 0.5439 
daught/+, J -0.02557 ± 0.01276 7.823 ± 0.5130 0.1387 
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Figure A2.9: Analysis of the effect of environmental interventions in cluster 5 (1.99-
2.20ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
Table A2.9:  Statistical values for data shown in figure A2.9 on NMR spectrometry.  
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative 
intensity/day) 
F/25/2SY, A 0.02848 ± 0.02905 3.720 ± 1.079 0.3824 
F/25/1SY, B -0.02095 ± 0.02881 4.455 ± 1.070 0.5074 
F/18/1SY, C 0.04923 ± 0.02753 3.733 ± 2.344 0.1040 
M/25/2SY, D 0.02035 ± 0.03440 2.177 ± 1.278 0.5861 
M/25/1SY, E 0.02125 ± 0.02842 2.579 ± 1.056 0.4963 
M/18/1SY, F 0.001491 ± 0.01168 3.026 ± 0.9006 0.9012 
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Figure A2.10: Analysis of the effect of genetic interventions in cluster 5 (1.99-2.20ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
Table A2.10: Statistical values for data shown in figure A2.10 on NMR spectrometry.   
 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.003939 ± 0.01853 6.174 ± 0.8954 0.8420 
rpr/+, H -0.03721 ± 0.04417 7.605 ± 1.776 0.4614 
InRDN, I 0.008087 ± 0.01023 2.877 ± 0.5775 0.4652 
daught/+, J -0.01729 ± 0.007075 7.305 ± 0.2845 0.0922 
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Figure A2.11: Analysis of the effect of environmental interventions in cluster 6 (2.30-
2.47ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
Table A2.11:  Statistical values for data shown in figure A2.11 on NMR spectrometry.   
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A -0.02562 ± 0.02245 6.587 ± 0.8341 0.3174 
F/25/1SY, B -0.02723 ± 0.04425 5.993 ± 1.644 0.5716 
F/18/1SY, C 0.09709 ± 0.06192 4.259 ± 5.272 0.1480 
M/25/2SY, D 0.04220 ± 0.03553 3.374 ± 1.320 0.3007 
M/25/1SY, E 0.05144 ± 0.02318 2.941 ± 0.8611 0.0907 
M/18/1SY, F -0.01354 ± 0.009304 5.120 ± 0.7172 0.1795 
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Figure A2.12: Analysis of the effect of genetic interventions in cluster 6 (2.30-2.47ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
 
Table A2.12:  Statistical values for data shown in figure A2.12 on NMR spectrometry.   
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.07941 ± 0.03405 14.80 ± 1.645 0.0801 
rpr/+, H -0.09279 ± 0.04703 12.43 ± 1.891 0.1430 
InRDN, I -0.04099 ± 0.01828 8.830 ± 1.031 0.0749 
daught/+, J -0.05521 ± 0.03565 13.27 ± 1.433 0.2192 
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Figure A2.13: Analysis of the effect of environmental interventions in cluster 7 (2.70-
2.90ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
 
Table A2.13:  Statistical values for data shown in figure A2.13 on NMR spectrometry.   
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A -0.03280 ± 0.01864 4.401 ± 0.6924 0.1533 
F/25/1SY, B -0.02057 ± 0.02134 3.585 ± 0.7929 0.3897 
F/18/1SY, C -0.007551 ± 0.005536 5.846 ± 0.4713 0.2025 
M/25/2SY, D -0.04543 ± 0.03083 2.663 ± 1.145 0.2146 
M/25/1SY, E 0.03176 ± 0.02715 1.706 ± 1.009 0.3070 
M/18/1SY, F -0.01924 ± 0.009255 2.866 ± 0.7135 0.0674 
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Figure A2.14: Analysis of the effect of genetic interventions in cluster 7 (2.70-2.90ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
  *Significant P value 
 
Table A2.14:  Statistical values for data shown in figure A2.14 on NMR spectrometry. 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.06849 ± 0.02388 11.49 ± 1.154 0.0456* 
rpr/+, H -0.05879 ± 0.04985 8.050 ± 2.004 0.3233 
InRDN, I 0.002832 ± 0.02165 3.921 ± 1.222 0.9010 
daught/+, J -0.03229 ± 0.03008 9.786 ± 1.210 0.3618 
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Figure A2.15: Analysis of the effect of environmental interventions in cluster 8 (3.00-
3.13ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
  *Significant P value 
Table A2.15:  Statistical values for data shown in figure A2.15 on NMR spectrometry. 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A -0.03044 ± 0.01165 2.079 ± 0.4328 0.0593 
F/25/1SY, B 0.003308 ± 0.009402 0.1291 ± 0.3493 0.7427 
F/18/1SY, C -0.005543 ± 0.003519 1.426 ± 0.2996 0.1462 
M/25/2SY, D 0.02848 ± 0.005794 0.02951 ± 0.2152 0.0080* 
M/25/1SY, E -0.0006316 ± 0.00594 1.040 ± 0.2210 0.9206 
M/18/1SY, F -0.01568 ± 0.004605 1.125 ± 0.3550 0.0078* 
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Figure A2.16: Analysis of the effect of genetic interventions in cluster 8 (3.00-3.13ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.007878 ± 0.002712 1.604 ± 0.1310 0.0439* 
rpr/+, H -0.0007143 ± 0.03116 1.465 ± 1.253 0.9832 
InRDN, I 0.001607 ± 0.005905 0.3127 ± 0.3332 0.7964 
daught/+, J -0.008643 ± 0.01303 2.113 ± 0.5240 0.5546 
   *Significant P value 
Table A2.16:  Statistical values for data shown in figure A2.16 on NMR spectrometry.  
 
197 
 
0 25 50 75 100
0
1
2
3
4
5
6
7
A
age(days)
in
te
n
s
it
y
0 25 50 75 100
0
1
2
3
4
5
6
7
D
age(days)
in
te
n
s
it
y
0 25 50 75 100
0
1
2
3
4
5
6
7
B
age(days)
in
te
n
s
it
y
0 25 50 75 100
0
1
2
3
4
5
6
7
E
age(days)
In
te
n
s
it
y
0 25 50 75 100 125 150 175 200
0
1
2
3
4
5
6
7
C
age(days)
in
te
n
s
it
y
25 50 75 100 125 150
-2
-1
0
1
2
3
4
5
6
7
F
age(days)
In
te
n
s
it
y
 
Figure A2.17: Analysis of the effect of environmental interventions in cluster 9 (3.14-
3.34ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
    *Significant P value 
Table A2.17:  Statistical values for data shown in figure A2.17 on NMR spectrometry. 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A 0.03827 ± 0.02697 0.8161 ± 1.002 0.2289 
F/25/1SY, B 0.003805 ± 0.01385 1.188 ± 0.5144 0.7971 
F/18/1SY, C -0.001629 ± 0.00510 3.269 ± 0.4350 0.7564 
M/25/2SY, D 0.03320 ± 0.01880 1.121 ± 0.6986 0.1522 
M/25/1SY, E 0.02188 ± 0.01155 1.382 ± 0.4290 0.1310 
M/18/1SY, F -0.02685 ± 0.005055 2.440 ± 0.3896 0.0005* 
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Figure A2.18: Analysis of the effect of genetic interventions in cluster 9 (3.14-3.34ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
Table A2.18:  Statistical values for data shown in figure A2.18 on NMR spectrometry.   
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.008673 ± 0.009117 3.803 ± 0.4406 0.3953 
rpr/+, H -0.005357 ± 0.04394 3.774 ± 1.767 0.9107 
InRDN, I 0.007806 ± 0.007197 0.7332 ± 0.4061 0.3276 
daught/+, J 0.007357 ± 0.01110 3.653 ± 0.4465 0.5549 
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Figure A2.19: Analysis of the effect of environmental interventions in cluster 10 (3.50-
4.05ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY.  
 
*Significant P value 
Table A2.19:  Statistical values for data shown in figure A2.19 on NMR spectrometry.   
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A -0.04570 ± 0.1263 18.15 ± 4.691 0.7357 
F/25/1SY, B -0.03006 ± 0.09679 13.25 ± 3.596 0.7716 
F/18/1SY, C -0.05523 ± 0.03068 26.35 ± 2.612 0.1020 
M/25/2SY, D 0.2685 ± 0.04242 10.75 ± 1.576 0.0032* 
M/25/1SY, E 0.08122 ± 0.02577 13.59 ± 0.9575 0.0345* 
M/18/1SY, F -0.03013 ± 0.02489 18.43 ± 1.919 0.2569 
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Figure A2.20: Analysis of the effect of genetic interventions in cluster 10 (3.50-4.05ppm). 
G= ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
 
Table A2.20:  Statistical values for data shown in figure A2.20 on NMR spectrometry.   
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.2209 ± 0.09363 32.45 ± 4.525 0.0778 
rpr/+, H -0.1348 ± 0.09389 26.60 ± 3.776 0.2466 
InRDN, I -0.05837 ± 0.02955 17.17 ± 1.668 0.1053 
daught/+, J -0.05914 ± 0.03228 29.35 ± 1.298 0.1643 
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Figure A2.21: Analysis of the effect of environmental interventions in cluster 11 (6.88-
7.55ppm). A= F/25/2SY, B= F/25/1SY, C= F/18/1SY, D= M/25/2SY, E= M/25/1SY, F= 
M/18/1SY. 
  
 
Table A2.21:  Statistical values for data shown in figure A2.21 on NMR spectrometry.   
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
F/25/2SY, A -0.03143 ± 0.03794 4.167 ± 1.410 0.4540 
F/25/1SY, B 0.004391 ± 0.01591 1.272 ± 0.5912 0.7963 
F/18/1SY, C -0.005834 ± 0.004325 3.969 ± 0.3682 0.2071 
M/25/2SY, D 0.03570 ± 0.02427 1.385 ± 0.9016 0.2152 
M/25/1SY, E 0.01869 ± 0.01231 2.376 ± 0.4572 0.2034 
M/18/1SY, F -0.004401 ± 0.007277 1.748 ± 0.5610 0.5603 
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Figure A2.22: Analysis of the effect of intrinsic factors in cluster 11 (6.88-7.55ppm). G= 
ablated, H= rpr/+, I= InRDN, J= daught/+.  
 
 
 
Table A2.22:  Statistical values for data shown in figure A2.22 on NMR spectrometry.   
 
 
 
Samples     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
Ablated, G -0.02129 ± 0.01450 3.506 ± 0.7010 0.2161 
rpr/+, H -0.01564 ± 0.02558 3.588 ± 1.029 0.5841 
InRDN, I -0.007041 ± 0.007461 1.013 ± 0.4543 0.3987 
daught/+, J -0.0007143 ± 0.01069 3.325 ± 0.4297 0.9509 
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Appendix 3. Mass spectrometric analysis of Drosophila melanogaster.  
 
Appendix 3.1 Mass spectrometric signals observed during ageing of flies 
All samples of acid hydrolysed flies were subjected to mass spectrometric analysis. All 
signals with S/N>5 are presented in mass spectrometric data by age (columns).  
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Appendix 3.2 Analysis of the effect of interventions on ageing Drosophila 
melanogaster 
Graphs of the intensity were plotted against age of flies (days) for each m/z and presented 
in appendix (Figures A3.1-3.10).  The lines of best fit were generated by linear regression. 
Slope, intercept and P values for the statistical probability that slope≠0 are shown in tables 
along with respective graphical illustration. 
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 Figure A3.1: Selected signals representation of F/18/1SY on mass spectrometry.  
 
 
    *Significant P value.  
Table A3.1: Statistical values for data shown in figure A3.1 on mass spectrometry.  
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
161.1745 -6.430 ± 3.955 1859 ± 336.7 0.1350 
174.2687 -2.815 ± 1.733 922.7 ± 147.5 0.1353 
175.9787 0.8294 ± 1.159 268.2 ± 107.9 0.5062 
176.9882 2.304 ± 0.7668 150.7 ± 68.95 0.0239* 
182.0029 -6.516 ± 4.786 963.1 ± 271.0 0.2315 
213.5374 2.436 ± 1.244 307.7 ± 108.9 0.0979 
425.8773 -1.423 ± 1.936 579.7 ± 129.3 0.5387 
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  Figure A3.2: Selected signals representation of F/25/1SY on mass spectrometry.  
 
*Significant P value. 
Table A3.2: Statistical values for data shown in figure A3.2 on mass spectrometry.  
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
160.92478 28.89 ± 14.89 907.9 ± 553.0 0.1242 
174.96655 12.24 ± 3.732 315.5 ± 138.6 0.0305* 
175.96484 4.836 ± 4.965 312.4 ± 184.5 0.3852 
176.97005 3.980 ± 4.311 302.7 ± 170.7 0.4239 
187.00781 8.634 ± 15.77 225.5 ± 349.2 0.6812 
304.81674 8.704 ± 13.47 159.6 ± 471.5 0.6348 
385.68976 7.828 ± 76.43 384.5 ± 1156 0.9350 
396.88107 10.92 ± 67.20 988.1 ± 1488 0.8975 
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Figure A3.3: Selected signals representation of F/25/2SY on mass spectrometry.  
 
    *Significant P value 
Table A3.3: Statistical values for data shown in figure A3.3 on mass spectrometry. 
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
87.09561 -0.5615 ± 0.3528 77.66 ± 14.31 0.2097 
168.09705 -0.2119 ± 0.006453 29.06 ± 0.3075 0.0194* 
175.1134 -1.574 ± 0.8183 116.4 ± 33.20 0.1501 
187.04502 -1.505 ± 0.9611 102.2 ± 39.00 0.2154 
389.21788 -0.7907 ± 0.3717 62.47 ± 15.08 0.1233 
445.87692 -0.7601 ± 0.4152 64.39 ± 15.85 0.2086 
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Figure A3.4: Selected signals representation of M/18/1SY on mass spectrometry.  
 
 
 
Table A3.4: Statistical values for data shown in figure A3.4 on mass spectrometry. 
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
231.17924 -15.47 ± 7.778 1121 ± 407.5 0.1409 
232.16808 0.1953 ± 0.2762 22.03 ± 16.06 0.5527 
272.19221 0.05675 ± 0.1385 19.62 ± 7.318 0.7095 
284.2905 -1.790 ± 0.9096 297.2 ± 83.43 0.2993 
286.21281 0.08232 ± 0.1498 23.42 ± 7.917 0.6209 
341.25854 -0.2382 ± 1.690 128.8 ± 121.3 0.9109 
369.12204 -0.5743 ± 0.7739 65.04 ± 39.44 0.5354 
426.29586 -1.348 ± 1.729 109.2 ± 79.99 0.5786 
219 
 
m/z= 166.0893
0 10 20 30 40 50 60
0
500
1000
1500
Age(days)
In
te
n
s
it
y
m/z= 231.1691
0 10 20 30 40 50 60
0
500
1000
1500
Age(days)
In
te
n
s
it
y
m/z= 232.1731
0 10 20 30 40 50 60
0
500
1000
Age(days)
In
te
n
s
it
y
m/z= 245.1850
0 10 20 30 40 50 60
0
500
1000
1500
2000
Age(days)
In
te
n
s
it
y
m/z= 280.1751
0 10 20 30 40 50 60
0
500
1000
Age(days)
In
te
n
s
it
y
m/z= 284.2922
0 10 20 30 40 50 60
0
500
1000
Age(days)
In
te
n
s
it
y
m/z= 305.1751
0 10 20 30 40 50 60
0
500
1000
Age(days)
In
te
n
s
it
y
m/z= 385.9346
0 10 20 30 40 50 60
0
500
1000
Age(days)
In
te
n
s
it
y
m/z= 443.8943
0 10 20 30 40 50 60
0
500
1000
Age(days)
In
te
n
s
it
y
 
Figure A3.5: Selected signals representation of M/25/1SY on mass spectrometry.  
 
 
Table A3.5: Statistical values for data shown in figure A3.5 on mass spectrometry. 
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
231.17924 -15.47 ± 7.778 1121 ± 407.5 0.1409 
232.16808 0.1953 ± 0.2762 22.03 ± 16.06 0.5527 
272.19221 0.05675 ± 0.1385 19.62 ± 7.318 0.7095 
284.2905 -1.790 ± 0.9096 297.2 ± 83.43 0.2993 
286.21281 0.08232 ± 0.1498 23.42 ± 7.917 0.6209 
341.25854 -0.2382 ± 1.690 128.8 ± 121.3 0.9109 
369.12204 -0.5743 ± 0.7739 65.04 ± 39.44 0.5354 
426.29586 -1.348 ± 1.729 109.2 ± 79.99 0.5786 
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Figure A3.6: Selected signals representation of M/25/2SY on mass spectrometry.  
 
 
Table A3.6: Statistical values for data shown in figure A3.6 on mass spectrometry.   
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
231.16813 3.878 ± 6.313 106.3 ± 185.4 0.5824 
232.17489 0.5758 ± 2.017 40.28 ± 65.84 0.8021 
284.29587 2.543 ± 1.895 18.68 ± 60.31 0.4078 
289.16511 -5.535 ± 3.402 303.6 ± 125.3 0.3509 
329.21129 -4.148 ± 3.036 221.9 ± 111.8 0.4023 
345.25201 -3.578 ± 2.416 193.8 ± 88.95 0.3780 
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Figure A3.7: Selected signals representation of InRDN on mass spectrometry.  
 
 
Table A3.7: Statistical values for data shown in figure A3.7 on mass spectrometry. 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
132.09975 -0.02137 ± 0.02227 5.938 ± 1.113 0.4385 
148.07126 -0.03636 ± 0.01318 4.745 ± 0.6458 0.2214 
156.06371 -0.03008 ± 0.02570 3.233 ± 0.8245 0.3625 
170.0845 -0.02318 ± 0.005551 2.668 ± 0.1723 0.1496 
222 
 
m/z= 132.0976
0 25 50 75 100
0
5
10
15
Age(days)
In
te
n
s
it
y
m/z= 166.0835
0 25 50 75 100
0
500
1000
1500
Age(days)
In
te
n
s
it
y
m/z= 175.0788
0 25 50 75 100
0
5
10
15
20
Age(days)
In
te
n
s
it
y
m/z= 177.0141
0 25 50 75 100
0
5
10
15
20
25
30
Age(days)
In
te
n
s
it
y
 
Figure A3.8: Selected signals representation of daughter/+ on mass spectrometry.  
 
 
 
Table A3.8: Statistical values for data shown in figure A3.8 on mass spectrometry. 
 
 
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
132.09767 -0.05488 ± 0.07602 10.10 ± 2.866 0.5454 
175.07882 0.02385 ± 0.1235 5.978 ± 4.967 0.8592 
177.01413 0.4181 ± 0.2505 -1.411 ± 8.034 0.2370 
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Figure A3.9: Selected signals representation of ablated on mass spectrometry.  
 
 
 
Table A3.9: Statistical values for data shown in figure A3.9 on mass spectrometry. 
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
132.10218 0.02191 ± 0.02653 8.627 ± 1.282 0.4553 
147.07209 0.06454 ± 0.02277 14.66 ± 0.5444 0.2159 
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Figure A3.10: Selected signals representation of reaper/+ on mass spectrometry.  
 
 
 
Table A3.10: Statistical values for data shown in figure A3.10 on mass spectrometry. 
 
 
 
m/z     Slope 
(Intensity/fly/ml/day) 
 Y-intercept 
(Intensity/fly/ml) 
 P value 
(Relative intensity/day) 
168.09776 0.2134 ± 0.01837 25.98 ± 0.6429 0.0547 
287.1663 2.543 ± 1.605 -12.73 ± 51.49 0.2540 
